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ABSTRACT 

\ sub-Chattanooga geologic map showing the areal distribution of pre-Chattanooga 
formations, a structure contour map on the Chattanooga shale, and a cross section 
across central Tennessee have been prepared to illustrate the stratigraphy and structure 
of the Nashville dome. The dome is shown to have been developed synchronously with 
mountain-building activity in Appalachia. When Appalachia was active, the dome was 
above sea level; and when Appalachia was inactive, the dome was covered by calcareous 
sediments. It is believed that the dome was uplifted essentially by vertical bulging 
caused by stresses transmitted plastically in the deeper rocks of the crust. Uplift oc- 
curred many times, the axis of greatest uplift shifting east or west in accord with the 
intensity of stresses transmitted westward from Appalachia. The fingers of Richmond 
and Silurian formations are believed to be erosional remnants preserved by favorable 
structural position rather than deposits in “long, narrow embayments.” The history of 
the dome from the Cambrian through the time of deposition of the Chattanooga shale 
is reviewed. 

INTRODUCTION 

During 1933 and 1934 the writer spent much of his spare time 
gathering field data and compiling all available information on the 
geology of central Tennessee. As a result of this field and laboratory 
work he here presents a sub-Chattanooga geologic map showing the 
areal distribution of the pre-Chattanooga formations (Fig. 1), a 
structure contour map on the Chattanooga shale (Fig. 2), and gen- 
eral conclusions. The purpose of the work was to study the structure, 
origin, and history of the Nashville dome previous to and during the 
deposition of the Chattanooga shale. 
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Previous comprehensive work on this dome includes that of 
Foerste,’ Ulrich,? and Bassler.’ In assembling the data for Figures 1 
and 2 the present writer freely used all available information. 
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Fic. 2.—Structure contour map of central Tennessee drawn on the Chattanooga 
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hale. Contour interval is 50 feet. 
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TOPOGRAPHY 

The Nashville structural dome is expressed topographically as an 
elliptical basin (the Central Basin of Tennessee) which occupies the 
central portion of the state and crosses it with a general trend of 
N.30° E. This basin coincides closely with the crest of the dome and 
is surrounded on all sides by the Highland Rim. The basin proper, 
or the open, inner part of the basin, averages about 50 miles in 
width from northwest to southeast, and about 80 miles in length. 

The floor of the Central Basin is a rolling plain, which has very 
low relief in the central part (Rutherford County), away from which 
the undulating character and relief gradually increase and the plaii 
becomes dotted with residual knobs which stand up as much as 20¢ 
400 feet above the surrounding country. As the very irregular, in 
ward-facing escarpment of the Highland Rim is approached these 
knobs increase in height and number, and spurs not yet isolated by 
erosion from the margin of the encircling rim project into the basin 

The Highland Rim, which completely surrounds the Central Ba 
sin, averages between 1,000 and 1,100 feet in elevation. If the 
Chattanooga shale, now exposed on the Highland Rim between 9< 
and 1,000 feet in elevation, were restored to its former extent over 
what is now the Central Basin, its highest point would lie about 15 
miles south-southwest of Murfreesboro, and approximately 1,275 
feet above sea level. The floor of the Central Basin is between 500 
and 700 feet in elevation, and averages about 450 feet below the gen 
eral level of the rim. The face of the escarpment, however, is much 
less than 450 feet, being between 100 and 4oo feet in height at most 
places. 

STRATIGRAPHY 

In order to bring out certain features of the history of the Nash 
ville dome, it is necessary to summarize the areal extent, lithology, 
and variation in thickness of each of the formations exposed in the 
Central Basin. For a more detailed description of these formations 
the reader is referred to the publications of Foerste and Bassler. 
Their publications as well as others have been freely used in prepar 
ing the following brief descriptions. The discussions of variations in 
thickness of the formations are based especially on the work of 


Bassler. 
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Chattanooga shale—This is a fissile, black, carbonaceous shale 
that commonly begins with a dark, phosphatic basal sandstone, the 
Hardin sandstone member. This formation covers the entire area 
under consideration, being locally absent only on anticlinal struc- 
tures. The shale is generally between 10 and 4o feet in thickness on 
the east, north, and northwest sides of the dome, but thins to a few 
feet on the south and southwest. The Hardin sandstone member 
varies from only a few inches up to a maximum of 15 feet in Hardin 
County. 

; DEVONIAN SYSTEM 
MIDDLE DEVONIAN 

“Pegram” limestone.~A—This formation occurs at the surface at 
two localities within the Central Basin. One consists of a finger ex- 
tending eastward across the southern part of Cheatham County as 
far as Newsom in Davidson County. The other is probably an out- 


ier, isolated from the main body by erosion, in the corner of Trous- 
dale, Sumner, and Macon counties. In the Newsom finger the for- 
mation is largely composed of white to gray crystalline limestone, 
speckled with varicolored mineral grains. In the easternmost tip of 
this finger the limestone is replaced by brown, saccharoidal sand- 
stone. The thickness averages about 7 feet, and reaches a maximum 
of 19 feet. 

The Trousdale County locality is composed essentially of white, 
saccharoidal sandstone with some crystalline limestone. The forma- 
tion here reaches a thickness of 35 feet. 


SILURIAN SYSTEM 
NIAGARAN SERIES 
LOCKPORT GROUP 

Lobelville formation ——This is the youngest Silurian formation ex- 
posed in the Central Basin. It is limited in extent to the west and 
northwest sides of the dome from Macon County, where it is as thick 
as 55 feet, and to Wayne County, where it reaches a thickness of 100 
feet. Eastward toward the axis of the dome the formation thins 
1 This formation has been subdivided into the Jeffersonville and Sellersburg forma- 


tions by E. R. Pohl in “Devonian Record in Central Tennessee,” Geol. Soc. Amer. Bull. 
{1 (1930), abst., p. 195 
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until it disappears. This formation is composed of gray argillaceous 
limestone, gray calcareous mudstone and shale, and blue-gray 
crystalline limestone. Although generally argillaceous, parts of the 
formation in Macon and Sumner counties locally become sandy. 

Lego limestone-—This limestone is recorded as occurring in the 
Central Basin at only one locality about 13 miles northwest of New 
som, Davidson County. The limestone, which is 43 feet thick, is 
light-gray, crystalline, and crinoidal with partings of thin bands oi 
green shale in the upper part. 

Waldron shale—The Waldron shale occurs only on the western 
and northwestern flanks of the dome from Macon County to Wayn« 
County. It is a greenish-gray, calcareous shale with thin layers of 
limestone. The thickness averages between 3 and 4 feet. 

Laurel limestone —This formation is composed of massive, light 
gray, crystalline limestone dotted with pink specks. It occurs only 
from Macon County southwestward to Wayne County. The litho! 
ogy remains surprisingly constant and illustrates deposition under 
widespread, uniform conditions. In Sumner and Macon counties, 
however, the limestone becomes very sandy and weathers into a 
light-brown sandstone by leaching of the calcareous cement. The 
thickness throughout its extent averages about 30 feet, except near 
its easternmost line of outcrop where it rapidly thins to nothing. 

CLINTON GROUP 

Osgood formation.—The areal distribution of the Osgood forma 
tion coincides closely with that of the overlying Laurel limestone 
and Waldron shale. In central Tennessee this formation is com 
posed of gray argillaceous limestone and gray subcrystalline lime 
stone with a few layers of greenish-gray and red shale. The lithology 
is found to be persistent throughout the area covered. The Osgood 
is locally found to be as thick as 25 feet, but is closer to 10 feet in 
thickness at most places. 

MEDINAN SERIES 
ALBION GROUP 

Brassfield limestone —The Brassfield limestone is the most widely 
distributed of the Silurian formations exposed in central Tennessee. 
It occurs along the north and west sides of the Central Basin from 
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Macon County to Wayne County, and in addition forms the long 
finger of Silurian (Fig. 1) that crosses southwest Lincoln County and 
extends almost to Pulaski in Giles County. Likewise, the Brassfield 
forms the finger of Silurian in northwest Franklin County. The 
writer did not find any other Silurian formation present east of the 
axis of the Nashville dome. The Brassfield also occurs in the Se- 
quatchie Valley of eastern Tennessee. 

[his formation is a finely crystalline, light-gray to bluish dove- 
colored limestone that contains stringers and lenses of platy, dark- 
brown to black chert. This lithology is very constant at all exposures 
examined with the single exception of an exposure 3 miles north of 
Nashville where the Brassfield consists of sandy limestone. The 
thickness is as much as 20 or 30 feet at most places, but on the north- 


west portion of the dome it gradually thins to the northeast. 


ORDOVICIAN SYSTEM 
CINCINNATIAN SERIES 
RICHMOND GROUP 
Fernvale and Arnheim formations——These two formations are 
grouped together because the writer did not separate them in the 
northern and southern parts of the Central Basin. Together they 
encircle all of the Central Basin except the eastern rim. Locally, as 
in the eastern part of Lewis County, they are overlapped by the 
Silurian. The Fernvale characteristically contains beds of coarsely 
crystalline pink and red limestone, and the Arnheim usually has beds 
of blue nodular limestone, but they both contain beds of shale, sand- 
stone, and argillaceous limestone. The Fernvale, where normally de- 
veloped, averages about 4o feet, but the Arnheim normally varies 
between 4 and 30 feet. 


‘ 


In Figure 1 the sub-Chattanooga “outcrop” of the Richmond 
strata is restored under the eastern Highland Rim because of the 
presence of the thick Sequatchie formation of Richmond age in the 
Sequatchie Valley. 
MAYSVILLE GROUP 

Leipers formation.—This formation occurs on all sides of the Cen- 
tral Basin except the eastern where it is missing between Jackson 
County and Franklin County. As the Leipers is not reported in the 
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Sequatchie Valley it is probable that the outcrops in the two forego- 
ing counties do not join. The lithology of the formation is moder- 
ately constant, being chiefly thinly bedded, blue and gray, knobby 
limestone interbedded with gray argillaceous limestone and occa- 
sionally gray calcareous mudstone and shale. The thickness reaches 
a maximum of too feet near Centerville, Hickman County, but 
varies between 40 and 60 feet over most of the western flank of the 
dome. 
MOHAWKIAN SERIES 
TRENTON GROUP 

Catheys formation—The limestone of the Catheys formation is 
present over all the Central Basin except the southeast corner. The 
formation is essentially composed of blue-gray limestone but also 
contains layers of argillaceous limestone. The thickness varies up to 
100 feet. 

Cannon limestone ——This limestone covers the entire area of the 
Central Basin, being only locally absent. It is as thick as 200 feet 
along the eastern side of the basin and thins westward to an exposed 
minimum of 20-40 feet between Nashville and Columbia. The for 
mation is composed of beds of fine-grained, brittle, dove-colored 
limestone; blue-gray crystalline limestone; and blue-gray granular 
limestone. 

Bigby limestone —The Bigby is limited in extent to the western 
flank of the dome, being found between Pulaski and Gallatin. The 
normal thickness of from 30 to 60 feet decreases greatly to the east 
until the formation completely disappears before reaching the axis of 
the dome. It consists of laminated, generally cross-bedded, granu 
lar, blue-gray limestone that is often sandy and phosphatic. 

Hermitage formation——This formation is found throughout the 
Central Basin and is commonly between 4o and 60 feet in thickness 
No regional thinning is discernible. It is commonly a thinly bedded, 
blue, argillaceous limestone that weathers light brown. 


BLACK RIVER GROUP 

Tyrone limestone ——This formation is predominantly a dove-col 
ored limestone covering most of the Central Basin. Along the east 
ern side it averages 70 feet in thickness, but it thins to between 1X 
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and 20 feet between Nashville and Pulaski, and is locally absent near 
Columbia. 

Carters limestone-—The Carters limestone occurs only along the 
western side of the basin where it averages 50 feet in thickness, and 
in the central part of the basin where it gradually thins eastward. 
It is not present along the eastern part of the rim. Beds of massive, 
slightly magnesian, gray limestone with lenses and stringers of chert 
comprise the formation. 

CHAZYAN SERIES 
STONES RIVER GROUP 

The formations of this group, the Lebanon, Ridley, Pierce, and 
Murfreesboro, are only exposed in the central part of the basin. As 
their surface exposures are small, little information as to their re- 
gional thinning, etc., has been collected. The exposed portion of the 
formations totals about 275 feet of limestone. 


STRUCTURE 
FOLDING 

Regional features —The Nashville dome is a large anticlinal struc- 
ture that forms the southern end of the Cincinnati arch, and occu- 
pies all of central Tennessee. The axis of post-Chattanooga uplift® 
crosses the Kentucky-Tennessee state line into central Clay County, 
lennessee, and continues southwestward to about 1o miles south- 
southwest of Murfreesboro where it splits into two major axes. The 
eastern of these two continues south to near Shelbyville where it in 
turn splits, the main axis resulting from this split turning southwest- 
ward and crossing the Alabama-Tennessee state line close to Elk 
River in southeast Giles County. The minor axis apparently dies 
out in the southern part of Moore County. 

The other, or western, major axis continues west-southwest, from 
io miles south of Murfreesboro, to north central Lawrence County, 
from which point it turns southwest and leaves the state at the 
southwest corner of Wayne County. A minor axis splits off north- 

As will be brought out later, this dome had been uplifted several times before the 


deposition of the Chattanooga shale. The axis, or position of major uplift of the dome, 
probably occupied a different position during each period of uplift. 
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east of Lewisburg and continues southwestward. It apparently dies 
out southwest of Pulaski. 

These axes and the general structural features of the Nashville 
dome are shown in Figure 2, which was compiled by the writer from 
all available data, supplemented by his own field work. This map 
shows only the result of post-Chattanooga folding, as the contours 
are drawn on the Chattanooga shale. The variation in the amount of 
detail in these contours is due to varying amounts of available data 
rather than changes in type of structure. 

The general structure is also shown in Figure 3, whose line of se 
tion extends from about 6 miles east of Pikeville, through Spencer, 
McMinnville, Murfreesboro, Franklin, Dickson, and Waverly to the 
Tennessee River near Richland Creek in Humphreys County, a total 
distance of 150 miles. The vertical exaggeration, approximately 
sixty-six times the horizontal, was necessary to show both structur: 
and stratigraphy to best advantage. With this exaggeration thi 
thickening away from the dome would be more marked than is 
shown except that the formations on the east and west ends of this 
section were scaled vertically (as they would be encountered and 
measured in wells drilled through rocks with such low dips) rather 
than perpendicular to the bedding planes with their exaggerated 
dips. 

The highest point along the axis is in south central Rutherford 
County where the Chattanooga shale is approximately 1,275 feet 
above sea level. From this point the axis pitches about 8 feet per 
mile both to the northeast and to the southwest. The average dip on 
the flanks of the dome is about 16 feet per mile, varying from a maxi 
mum of 25 feet in Davidson County where a dip of 660 feet in 26 
miles is noted. Locally the dip for short distances is much steeper 
and may reach several degrees. 

The Nashville dome is separated from the Jessamine dome which 
occupies central Kentucky by a structural saddle crossing the Cin 
cinnati arch between the two domes. In this saddle the Chatta 
nooga shale is 700 feet lower than on the crest of the Nashville dome. 
In north Alabama the dome continues to pitch southward to wher« 
it is no longer traceable. 

The southeastern and northwestern limits of the dome are less 
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easily defined. The dip of the Chattanooga shale is more or less uni- 
form away from the axis (1,275 ft.) down to 500 feet on the east and 
about 200-350 feet on the west. At these latter elevations the rela- 
tively gentle dips of the dome increase and continue to the synclinal 
axis of the Cumberland Plateau on the east and to the Mississippi 
embayment on the west. The limits of the dome are thought to coin- 
cide roughly with the area covered in Figure 2. 

Within the above-defined limits the post-Chattanooga structural 
relief is found to be from 350 feet on the edges of the dome (the aver- 
age of 500 ft. on the east and 200 ft. on the west) to 1,275 feet at the 
highest point, or approximately goo feet. The structural relief on the 
Canadian strata within the same limits is from goo feet below sea 
level (average of 1,050 ft. below on the east and 750 ft. below on the 
west) to 450 feet above sea level on the crest of the dome, or a total 
structural relief of approximately 1,300 feet. Of this total post- 
Canadian uplift of 1,300 feet, goo feet are demonstrated to be post- 
Chattanooga, leaving 400 feet to represent the amount of post-Cana- 
dian and pre-Chattanooga uplift. 

Minor folding—Many small folds are superimposed upon the 
broad, gently dipping limbs and crest of the dome. These irregular, 
small-scale structures cause considerable variation in the local dips 
throughout central Tennessee. The folds are rarely over 10 miles in 
areal extent or over 100 feet in structural relief. Dips in these folds 
range up to 10°, but are mostly closer to 2°. A significant feature of 
these folds is that with the exception of those on the eastern flank of 
the dome in Coffee and Cannon counties they show no orientation 
or pattern whatsoever. This irregularity is illustrated in Figure 4. 
Other detailed contour maps in central Tennessee show the same 
irregularity. The writer interprets this type of folding as resulting 
from differential vertical uplift (or settling) and as showing the ab- 
sence of directional stresses transmitted horizontally in the outer 
rocks of the crust. 

FAULTING 

Small normal faults occur on the Nashville dome, but are not very 
common. These are usually only a few miles long and have a vertical 
displacement that may be as great as 300 feet but more commonly 
closer to 50 feet. It is believed that these faults result from differen- 
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tial uplift or settling following uplift of the dome. This explanation 
of the origin of the faulting would account for the scarcity of the 
faults, the Nashville dome being such a gently dipping structure that 
differential movement sufficiently concentrated to cause faulting 
would have been rare. 
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Fic. 4.—Structure contour map of eastern Clay County and parts of Overton and 
Pickett counties (Lillydale quadrangle) showing the irregularity and lack of systemati: 
orientation of the folds. Structure contours are on the base of the Chattanooga shal 
After Perry. 

JOINTS 

The writer has measured over 350 joints distributed throughout 
central Tennessee. The localities at which joints were measured and 
the joints belonging to the two best developed sets at each of the lo- 
calities are shown in Figure 5. Measurements were made in the New 
Providence shale (Mississippian), Chattanooga shale, and the vari 
ous Silurian and Ordovician limestones. Upon plotting the joints on 
a frequency curve they fall into well-marked sets (Fig. 6). These are 
as follows: 


Variations Relative Abundance 
System A 
Set 1 N.50 W.—N.80 E. 45 per cent of all joints measured 
Set 2 N.10 W.—N.60 E. 42 per cent of all joints measured 
System B Strike varies through all points of the compass; 13 per 


cent of all joints measured* 


* This percentage is probably low, as joints that would genetically belong to this system were classified 
with the other system in case of coincidence with the strike of the other sets 
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Origin of the joints —The joints belonging to System A, Sets 1 and 

2, are well developed, and are normal and parallel, respectively, to 
the axis of the Nashville dome. The great variation of strike is 
sed by the change in strike of the axis of the dome from N.70 W. 

to N.20 E. It is believed that they were formed by tensional stresses 
resulting from stretching parallel to and normal to the axis of active 
vertical uplift. The joints parallel to the axis (Set 1) would be simi- 
lar to the type of tensional joints characteristically developed along 














Fic. 5.—Index map of central Tennessee showing the localities at which joints were 
sured, and the average strike at each locality of the two best developed sets (System 
Sets 1 and 2). The structure contours are on the Chattanooga shale. 


axis of an anticline. The tensional stresses normal to the axis 
Set 2), however, could only have formed on a more or less sym- 
trical dome with low dips, such as the Nashville dome, where 
re would be appreciable stretching parallel as well as normal to 
the axis. 
Che joints of System B are found to be well developed at many 
alities and to range through all points of the compass, as shown 
their persistence in Figure 6. Their origin is attributed to the 
nsional stresses resulting from stretching around the center of ver- 
al uplift and acting both radially and tangentially to this center. 
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DEVELOPMENT OF STRUCTURE 
RELATIONSHIP TO APPALACHIA 
It is believed that the stresses which caused the structural devel 
opment of central Tennessee originated from the geanticline, Appa- 
lachia, that lay east of the Appalachian geosyncline. These stresses 
caused the uplift of the Nashville dome and the associated minor 


folding, faulting, and formation of joints. 
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Fic. 6.—Frequency curve on which are plotted all of the joints measured. Thi 
shows the grouping of the joints into two sets, and one system that ranges through all 


points of the compass (System B) 


The relationship between the early Paleozoic history of Appala 
chia and that of the Nashville dome is striking. This sympatheti 
synchronism between the two is shown in Figure 7. Column 1 of this 
figure is a very generalized summary of the characteristic sediments 
deposited in the Appalachian geosyncline in Virginia, Tennessee, and 
Alabama during each of the geologic time units, compiled chiefly 
from the work of Butts in Virginia® and in Alabama.’ From thi 

°C. W. Butts, “Geology of Alabama,” Ala. Geol. Surv. Special Rept. 14 (1926) 


7“Geologic Map of the Appalachian Valley of Virginia with Explanatory Text,” 
Va. Geol. Surv. Bull. 42 (1933). 
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types of sediments the writer infers the relief and elevation of Appa- 
lachia (col. 2) necessary to have supplied the materials recorded in 
column 1 during each unit of time. The scale of relief and elevation 


is graduated into four groups: 

1. High—great thickness of predominantly clastic sediments. 

2. Moderately high—appreciable thickness of clastics with some 
fine clastics and limestone. 

3. Moderately low—fine clastics and limestone. 

4. Low—predominantly limestone. 

Using the same units of geologic time, the record of deposition on 
the Nashville dome is summarized briefly in column 3. Here it may 
be seen that during a unit of time the dome may have been (1) com- 
pletely covered by thick limestones (100 ft. or more) as in the Lock- 
port, Trenton, Black River, and Stones River, that represent most, 
or all, of the duration of each of these times; (2) covered by only 
relatively thin limestones that represent only a short portion of each 
time, as in the Maysville; (3) partially covered by sediments de- 
posited only on the flanks, and which are usually relatively thin, 
representing only a small part of each individual time. This group 
includes the Onondaga, Clinton, Albion, and Richmond; or (4) fre« 
from deposition as in the Upper Devonian, Helderberg, Cayugan, 
Eden, and Blount. 

From the record of deposition on the dome the writer infers its 
elevation with reference to sea level for each of the time units (col. 
4); whether in a given stage the dome was (1) below sea level during 
most, or all, of the time; (2) below sea level only a short part of the 
time and above the remaining time; (3) the highest part of the dome 
remained above sea level while the flanks were invaded by seas; or 
(4) was entirely above sea level. 

The conclusion drawn from this chart is as follows: when Appa 
lachia was being subjected to tectonic stresses and hence had high, 
moderately high, or moderately low relief it supplied clastic sedi 
ments to the Appalachian geosyncline. At such times the Nashville 
dome was relatively high and was either completely above sea level, 
above for most of the time, or was submerged only on the outer 
flanks. When Appalachia was not being, or had not recently been, 
subjected to tectonic stresses, it had low relief and low elevation and 
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limestones were deposited in the geosynclines. At these times the 
Nashville dome was relatively low and was probably below sea level 
for most, or all, of the time. The sympathetic relationship between 
the histories of Appalachia and the Nashville dome, as indicated by 
such sensitive synchronism, is believed to demonstrate that the 
structural features in central Tennessee are the direct result of the 
tectonic stresses that were active in Appalachia. 

| pplication of theory.—If there is sensitive synchronism between an 
tive geanticline and an “‘inland”’ dome as postulated above, the 


writer believes that significant clues might be gained as to the tec- 
tonic development of a geanticline and associated geosyncline, and 
hence of the resulting intensely folded and faulted mountainous belt 
occupying the site of the former geosyncline, by a study of the his- 
tory of the inland dome. This might be especially helpful in unravel- 

¢ the history of such mountains as the Ouachitas, where full his- 
torical data are not available. In that region a study of the Ozark 
dome would probably bring out the same relation between Llanoria 
and the Ozark dome as is here shown for Appalachia and the Nash- 
ville dome. 

Mechanics of uplift—Domes and anticlines which occur on the in- 
land side of the Appalachian, Ouachita, and Cordilleran mountains 
and which were produced by the same tectonic stresses as the moun- 
tains may have been formed by these stresses acting: (1) hori- 
zontally, and transmitted through the outer rocks of the crust; 

vertically, as upward components of plastic yielding in the deeper 
rocks expressing themselves beyond the tracts dominated by super- 
ficial horizontal compressive stresses; or (3) a combination of the 
two. 

It is believed by the writer that the Nashville dome resulted essen- 
tially, if not altogether, from vertical bulging due to deep-seated 


f 


tresses. This postulation is made for the following reasons: 

The Cincinnati arch has such a low arc of curvature (16 ft. per 
mile on the Nashville dome) that the rocks comprising this arch 
juld not be maintained in this position without support from below. 


2. Keith points out that 


. ho arrangement of pressures can be determined which would focus on a 
igle area from all sides so as to raise a symmetrical dome like the Cincinnati 
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and other domes. Still less is this possible when several domes are considered 

for instance, the Cincinnati, Nashville, and Ozark domes. How is the pressure 
northward to the Cincinnati dome and southward to the Nashville dome to be 
derived from the narrow saddle between them? .... It seems necessary to 
conclude, therefore, that a considerable amount of vertical pressure was 
applied to raise these domes which could not raise themselves by horizontal! 
pressure. .... 

3. The structure contour map (Hollow Springs quadrangle) oi 
southern Cannon and northern Coffee counties’? shows folds with 
their axes parallel to each other and which strike about N.30 F 
With this exception all folds shown on any structure contour map 
compiled in central Tennessee reveal an irregularity in shape, a com 
plete lack of parallelism of axes, and no orientation suggestive of a 
general pattern. This is well illustrated by the structure contours o! 
Figure 4. The writer believes this lack of orientation to indicate the 
formation of the minor folding by differential vertical uplift and to 
signify an almost complete lack of horizontal stresses active near 
the surface. 

4. All of the joints measured on the Nashville dome are believed 
to have been formed by tensional stresses produced by stretching 
along the limbs of a vertically bulging block. The occurrence of 42 
per cent of these joints at right angles to the strike of the axis of the 
dome suggests uplift concentrated near the center of an elongated 
dome. 

In conclusion, it is believed that horizontal stresses transmitted 
westward from Appalachia in the superficial portion of the crust as 
far as central Tennessee resulted in the formation of parallel, ori 
ented folds only as far west as Coffee County; and that the upward 
warping of the dome was the result of upward components of mor 
deeply acting stresses. 

‘The locus of upward expression of these stresses was determined 
by the two following factors: 

1. The upward relief must have been west of the axis and lower 
part of the west limb of the Appalachian Plateau synclinorium, for 
there the movement was inherently downward, having been so de 

* Arthur Keith, “Outlines of Appalachian Structure,” Geol. Soc. Amer. Bull. 34 
(1923), p. 341 


’ Bassler, loc. cit 
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termined early in the tectonic history of the region. Hence this syn- 
clinal structure would offer a locally effective barrier to the upward 
expression of lower plastic stresses. 

2. The locus of bulging must be west of where the stresses trans- 
mitted in the outer rocks are perceptibly diminished. This, as pre- 
viously shown, is in Coffee County, close to the eastern rim of the 
Central Basin. Upward expression could occur even though hori- 
zontal compressive stresses were present, but such a concentrated 
bulging as the Nashville dome could hardly have formed if the hori- 
zontal compressive stresses had not been appreciably lessened. Also, 
the occurrence of tensional joints and the absence of shear joints on 
the dome would indicate the absence of appreciable horizontal com- 
pressive stresses. 

Shifting of axis ——In so far as the intensity of the tectonic stresses 
from Appalachia varied, the distance of westward transmission of 
forces would have likewise varied from time to time. Hence, it would 
be logical to assume that the axis of uplift of the dome, or expression 
of the deep-seated plastic movements, shifted back and forth, east 
and west, in close accord with the shifting of the western limit of 
transmission of near-surface stresses. 

The shifting of the axis of the Nashville dome during the early 
Paleozoic is demonstrated by the variation in thickness of forma- 
tions and by the difference in position of the axis immediately pre- 
ceding the deposition of the Chattanooga shale with respect to the 
post-Chattanooga axis. The present writer is indebted to Bassler’ 
for the recognition of the significance and the study of the variation 
in thickness of many of the formations described below. 

Variation in thickness —Most of the formations occurring on the 
dome show progressive thinning in one direction, sometimes com 
pletely feathering out on one flank, with or without reappearance 
on the other flank. The details of the variations in thickness are 
summarized in the section on stratigraphy. The conclusion drawn 
is that such thinning takes place toward the point of greatest uplift, 
and hence indicates the position of the axis of the dome for the par 
ticular unit of time in which the formation under consideration was 
deposited. The thinning was both north and south or east and west, 


© Ibid 








470 CHARLES W. WILSON, JR. 


and so indicates that the center of the dome shifted its position 
north-south as well as east-west. This may be illustrated by the 
following (Fig. 3): 

Carters limestone: averages 60 feet on western rim and is absent 
on eastern rim. Associated uplift was east of the post-Chattanooga 
axis shown in Figure 2. 

Tyrone limestone: averages 15 feet on western rim and 7o feet on 
eastern. Axis west of post-Chattanooga axis. 

Bigby limestone: averages from 30 to 60 feet on western rim and 
disappears eastward before reaching center of Central Basin. Axis 
was at least as far east as the post-Chattanooga axis. 

Cannon limestone: averages between 20 and 4o feet between 
Nashville and Columbia, and reaches a thickness of 200 feet on the 
eastern rim. Axis of greatest uplift probably lay between Nashville 
and Columbia. 

Catheys formation: present throughout Central Basin except in 
the area between Woodbury and Tullahoma, which probably repre 
sents the axis of uplift as the formation thickens north, east, and west 

Leipers formation: present throughout Central Basin except 
along east central rim. Axis lay east of post-Chattanooga axis. 

Richmond group: present on north, west, and south rims of basin 
and absent on the east rim, although it occurs farther east under the 
eastern Highland Rim. Axis probably a little east of post-Chatta 
nooga axis. 

Position of axis immediately preceding deposition of Chattanooga 
shale-——The position of the axis immediately preceding the deposi 
tion of the Chattanooga shale is shown by the areal distribution of 
the outcrops (Fig. 1) of the Maysville and Trenton strata in the 
northern part of the Centra! Basin to have been at least 12 miles east 
of the axis of post-Chattanooga uplift. Also, the large sub-Chatta 
nooga areal extent of the Trenton in the east-central part of the rim 
(Fig. 1) indicates that the structural elevation was higher along the 
eastern flank of the dome than on the western. This is partly due to 
increased thickness of the Trenton to the east but cannot be entirely 
explained by changes in thickness. 

Nature of the “uplift” of the Nashville dome.—During the time of 
deposition of any one of the Lower Paleozoic marine formations the 
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floor of deposition presumably extended more or less level from the 
\ppalachian geosyncline westward across the state. The floor of this 
wide basin of deposition would have been lowered in accord with the 
general downwarping of that area. The amount of subsidence would 
have varied from several hundred feet in the geosyncline to several 
tens of feet in central Tennessee. 

In central Tennessee, the site of the dome, there were two oppos- 


ng factors at work controlling the elevation of the dome. One was 
the general sinking of that part of the basin of deposition; and the 
other concentrated relative uplift, the position of which would have 
been localized by the intensity of the stresses active at that time, 
ind the amount of which varied from time to time accordingly. 
During the history of the dome first one and then the other of these 
two factors must have dominated, because we know that at times the 
top of the dome was above sea level, and at other times below. At all 
times, however, the locus of relative upward bulging would have 
been higher than the surrounding region. 

Erosion versus non-deposition—As stated previously, it is be- 
lieved that the various formations thin toward areas of greatest up- 
lift and thicken away from such areas. This thinning is to be ex- 
plained either by erosion or by non-deposition. In case uplift took 
place immediately before or during the early stages of deposition of 
a formation, the thinning in that formation over the axis of that 
time would be by non-deposition. In case uplift took place immedi- 
ately after or during the late stages of deposition of the formation, 
the thinning would result from erosion concentrated on or near the 
crest of the axis. Each of these processes has produced unconformi- 
ties in central Tennessee. In such examples as the post-Richmond 
pre-Albion, post-Lobelville—pre-“‘Pegram,” and the post-Silurian 
pre-Chattanooga unconformities, erosion obviously was the impor- 
tant factor (Fig. 1). The latter two unconformities are illustrated in 
Figures 8 and 9. 

Rejuvenation of minor folds.—Refore the deposition of the Chatta- 
nooga shale the Nashville dome was uplifted many times, the axis of 
greatest uplift shifting east-west and north-south in accord with the 
intensity and direction of the stresses. The small, local folds super- 
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imposed upon the flanks of the dome, however, once established re 
mained so throughout all future warpings. 

Fingers of the Richmond group of the Ordovician and of the vari 
ous Silurian and Devonian formations, which extend basinward 
under the Chattanooga shale (Fig. 1), are preserved because they 
occupy the axes of synclines. Re-entrants of the same formations 
down the dip and away from the basin were cut back by pre-Chatta 
nooga erosion because they occupied the axes of anticlines. Thes 
folds resulted from pre-Chattanooga warping. Because the syn 
clines were subjected to post-Chattanooga downwarping and thx 
anticlines to post-Chattanooga upwarp, the dips in these pre-Chatta 
nooga formations are relatively steep. Structure contours on thi 
Chattanooga shale (Fig. 2) showing the post-Chattanooga foldins 
parallel the pre-Chattanooga structure as shown by the fingers and 
re-entrants. This relationship was observed in all the fingers and r¢ 
entrants examined. It is well seen between Pulaski and the Gile 
County line along the highway to Fayetteville. Here higher an 
higher beds of the Richmond and Brassfield appear as one ap 
proaches the synclinal axis in the black shale. 

Two illustrations are included to show the post-Chattanooga reju 
venation of pre-Chattanooga minor folds. In Figure 8, which covers 
an area about 5 miles southwest of Franklin, structure contours o1 
the black shale are shown along with the sub-Chattanooga areal dis 
tribution of formations. The structure contours and the areal dis 
tribution of the Chattanooga shale and Mississippian strata wer 
taken from the Franklin quadrangle." The close parallelism of pr 
and post-Chattanooga folding in the small closed synclinal basin is 
well shown. 

Figure 9 gives a section along the Memphis-Nashville highway 
overlooking the Harpeth River about 18 miles west of Nashville 
The eastern end of this section has been purposely tipped about 
feet down to eliminate post-Chattanooga tilting. The history of the 
section is interpreted as follows: A small anticline was developed 
after the deposition of the Lobelville. Associated with the folding 
was the development of two smal] normal faults. On the crest of th 
structure at least 13 feet and 7 inches of the Lobelville were removed 
' Ibid 
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by erosion following the folding. Even though post-Lobelville ero- 
sion had cut the top off the structure the crest was still topograph- 
ically higher than its flanks, for at least 1 foot of the ““Pegram”’ lime- 
stone that is present at the east end of the section (B) is missing 
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Fic. 8.—Structure contour map on the Chattanooga shale and a sub-Chattanooga 


eologic map of about 7 square miles, 5 miles southwest of Franklin, Williamson County 


from the bottom of the ‘‘Pegram”’ on the crest of the structure. The 
overlap of the base of the ‘“‘Pegram” and the cutting-out of the top 
members of the Lobelville are clearly seen in the section. Although 
post-‘‘Pegram”’ and pre-Chattanooga warping took place at other 
localities, evidence of warping at that time was not detectable here. 
Post-Chattanooga folding, however, rejuvenated the post-Lobelville 


and pre-“‘Pegram”’ structure. 
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Embayments.—In the Columbia Folio (No. 95) Hayes and Ulrich 
postulate deposition of the Richmond and Silurian formations in 
long, narrow embayments of the sea into the island (Nashville dome) 
then existing in central Tennessee. The fingers of Richmond and 
Silurian are similarly interpreted by Bassler.'? The evidence given by 
Hayes and Ulrich is summarized as follows: 

1. That these formations were not deposited continuously over the whole re 
gion and subsequently eroded, except in the areas where they are now found, is 
proved by the fact that the outer edges of the lower beds of the formations are 
overlapped by the higher beds—a relation which could not result from continu- 
ous deposition and subsequent erosion. 

2. Where the formation [Fernvale] is thin, as along the borders and more par- 
ticularly the heads of the bays in which it was deposited, the shales only are 


developed. 

















Fic. 9.—Cross section along the Memphis-Nashville highway 18 miles west of 


Nashville and overlooking the Harpeth River. The upper 13 feet of the Lobelville for 


mation have been eroded from the crest of a small anticline, and the lower 1} feet of 


the ‘‘Pegram”’ limestone are missing over the same structure due to overlap 


The observations of the present writer on these two lines of evi 
dence for deposition in embayments are as follows: The various Si 
lurian formations, at all localities examined by him, are truncated by 
Chattanooga shale in the normal stratigraphic order required by the 
folding of strata and subsequent erosion, i.e., the youngest beds occu 
py the axis of the finger and the lower beds are truncated in succes 
sion away from the axis. This is shown in Figure 8. 

The overlapping of the Arnheim formation by the Fernvale was 
recorded by Hayes, Ulrich, and Bassler. The explanation given by 
the present writer to account for this condition is that warping and 
erosion took place either during or between the deposition of the 
Arnheim and Fernvale. Time was sufficient for warping and erosion, 


2 [bid., pp. 125-30 
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and it is known that warping took place during that part of the de- 
velopment of the dome, as the Arnheim formation varies greatly in 
thickness. 

The second argument given by Hayes and Ulrich can best be an- 
swered by a study of the lithology of the Fernvale and Arnheim for- 
mations and of certain of the Silurian formations. Bassler describes 
the Fernvale and Arnheim in the exposure 5 miles southwest of 
Franklin (Fig. 8) as follows: 


Fernvale formation: Feet 
Soft yellow shale 13 
Coarsely crystalline, massive limestone 15 


Arnheim formation: 


Blue nodular limestone 4 


* “Stratigraphy of the Central Basin, Tennessee,’’ Tenn. Div. Geol 
Bull. 38 (1932), p. 126 


This locality is the easternmost exposure of Fernvale and Arnheim in 
Williamson and Maury counties and, therefore, should occupy the 


“i 


extreme eastern tip of an “embayment of deposition.”” The section 
just given is a typical Richmond section for the central western rim 
and does not suggest deposition in the end of an embayment. The 
Arnheim commonly contains shale as well as the Fernvale. The 
Brassfield (22 ft.), Osgood (10 ft.), and Laurel (20 ft. exposed) at the 
locality above cited are typical lithologic developments. The Brass- 
field and Laurel, which are light crystalline limestones usually free 
from detrital material, show absolutely no evidence of near-shore 
deposition. 

\ second section taken from Bassler'’ 3 miles north of Water Val- 
ley in northwestern Maury County shows the Fernvale to consist of 
8 feet of gray to white, massive, crystalline limestone. No Arnheim 
is recorded. This locality is on the southern edge of an ‘“‘embay- 
ment,’’ but does not suggest a shore facies to the present writer. 

\nother section 5 miles northwest of Franklin'* records the Fern- 
vale as 30 feet of massive, coarsely crystalline limestone. This local- 


“cc 


ity is similarly on the southern edge of an ‘‘embayment.”’ 
At no locality in the fingers along the west or south side of the 


dome did the writer find the Laurel, Osgood, or Brassfield in any 


14 [bid., p. 109 
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way different from typical developments of these formations else- 
where. As pointed out in the section on stratigraphy, these three 
formations are surprisingly uniform in lithology. The Fernvale and 
Arnheim, though admittedly variable in lithology, did not appear to 
be developed differently in the ends or edges of the fingers than far- 
ther away from the dome. 

The exposure 5 miles southwest of Franklin is an outlier of Rich- 
mond and Silurian underlying the Chattanooga shale and separated 
by at least 5 miles from the closest finger containing these forma 
tions. This isolation demands warping and subsequent erosion on an 
appreciable scale. 

All the fingers within the basin containing these formations occu 
py synclinal axes and hence it is believed that they may best be ex 
plained as erosional remnants preserved by favorable structural po 
sition from an originally much more extensive sheet of strata, rather 
than by deposition in long, narrow embayments the extents of which 
coincided with the fingers. The shore along the western flank of th 
dome was irregular, but the irregularity did not correspond with the 
limited extent of the fingers. 

The finger of ‘“‘Pegram” limestone that crosses Cheatham County 
and extends into Davidson County occupies a synclinal axis. The 
end of this finger is composed of sandstone and is definitely of near 
shore origin. This example demonstrates that the ‘“‘Pegram”’ sea in 
vaded the dome-island at this locality farthest east along a syn 
clinal axis, forming a broad, open bay. Pre-Chattanooga elevation 
of the dome above sea level was not at any time sufficient to allow 
erosion to make valleys of the anticlines and hills of the synclines. 
Therefore, the anticlines remained topographically high and the 
synclines topographically low. Tongues of an encroaching sea would 
advance first along synclinal axes, forming an irregular coast line 
with broad bays (but not long, narrow embayments) occupying the 
local synclinal areas sufficiently far down on the flanks of the dome 
island to be submerged. 

Similarly, it is believed that the Richmond and Silurian seas had 
tongues that advanced farther inland along the synclinal axes than 
the main body of the sea, but these tongues were broad and open and 
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did not resemble in shape and size the long, narrow fingers which 
today represent only the remnants of a former much greater sheet of 
strata. 
AGE AND HISTORY OF THE NASHVILLE DOME 
CAMBRIAN SYSTEM 

\s Cambrian strata are neither exposed in the Central Basin nor 
have been encountered in recorded drilling, no evidence exists as to 
the Cambrian history of the Nashville dome. During the Cambrian 
a great thickness of clastic sediments was deposited in the Appala- 
chian geosyncline, implying high elevation and relief and hence 
marked activity of nearby Appalachia. Accepting the sympathetic 
activity of the dome with Appalachia, it is logical to assume that the 
dome was in existence and active during the Cambrian in response to 
stresses from Appalachia. The writer predicts great thinning of the 
Cambrian strata on the crest of the Nashville dome. 


ORDOVICIAN SYSTEM" 
CANADIAN SERIES 

lhe same lack of information applies to this series as to the Cam- 
brian, but as Appalachia was low during this time (limestones being 
deposited in the geosyncline), the writer predicts that the Canadian 
strata are only moderately thinned on the crest of the dome. 

Meacham” from subsurface work in Kentucky concluded that the 
Powell formation is missing in central Kentucky and that the Cotter 
is variable in thickness, different zones of the Cotter being locally ab- 
sent. This indicates activity in Kentucky during the Canadian. 


BUFFALO RIVER SERIES 
The presence or absence of strata of this age on the Nashville 
dome is not definitely known. Meacham" found the St. Peter sand- 


rhe history of the dome during this period must be only briefly summarized until 
the relative values of erosion and non-deposition in the development of the many un 
conformities are determined 

R. P. Meacham, “A Stratigraphic Analysis of Some Deep Well Records in Ken 
tucky,” Ky. Bur. Min. and Topog. Surv. Bull. 2 (1933) 
Ibid 
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stone to be highly variable in extent and thickness, and concluded 


that this variation indicates 
tral Kentucky. 


early deformation and erosion” in cen- 


CHAZYAN SERIES 

Stones River group—As Appalachia was relatively inactive during 
this time little variation in the thickness of the limestones on thi 
dome is to be expected. Galloway" reports the upper to feet of the 
Murfreesboro limestone to be missing } mile west of Lofton, Ruther 
ford County, suggesting warping and erosion before the deposition 
of the Pierce limestone. The Lebanon limestone also varies in thick 
ness from 80 to 120 feet, being thinner on the western side of Ruther 
ford County than on the eastern side.'? This variation is possibly 
due to erosion preceding the deposition of the Carters. 

Blount group.—As the dome was above sea level during this tim¢ 
no sediments of this age were deposited on it. The warping that 
lifted the dome above sea level permitted erosion of the top of thi 
Lebanon limestone. 


MOHAWKIAN SERIES 


Black River group.—The dome remained below sea level for most 
of this time. The eastward feathering-out of the Carters limeston: 
and the westward thinning of the Tyrone limestone show a shift in 
the position of the axis of uplift during the deposition of this group 

Trenton group.—The variation in thickness and extent of the Her 
mitage, Bigby, Cannon, and Catheys formations as previously sum 
marized indicates that the dome was moderately active, even 
though it was below sea level most of the time. The Curdsville and 
the Jessamine limestones, which are developed in central Kentucky 
between the Carters and Hermitage and the Hermitage and Bigby 


respectively, are missing on the Nashville dome. 


CINCINNATIAN SERIES 
Eden group.—The Nashville dome was apparently slightly abov: 
sea level as this group is not represented. 
Maysville group.—During much of this time the dome was abovs 
sea level, for the Leipers formation is the only representative. It i 


“Op cil Pp. 39 '9 [bid., p 43 
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not definitely known whether the Leipers covered the entire dome or 
not, but probably most, if not all, of the dome was submerged at 
that time. The Leipers has a relatively constant lithology and is 
found on the northeast and southeast flanks of the dome many miles 
east of the post-Chattanooga axis. It appears likely that post-Leip- 
ers and pre-Richmond uplift was at its maximum along the east cen- 
tral part of the dome and resulted in the subsequent erosion of the 
Leipers from that area. Note the overlap of the Richmond upon the 
Trenton in that area (Fig. 1). 

Richmond group—The Fernvale and Arnheim formations vary 
greatly in lithology, and contain sandstone and shale members sug- 
gestive of near-shore deposition. Such clastic members were found 
scattered at different localities and were not concentrated in the 
heads or sides of “long, narrow embayments.” The limited expo- 
sures on the dome and the lithologic variations around the flanks 
indicate that the crest of the dome was an island during the deposi- 
tion of these two formations. During the rest of the Richmond the 
entire dome was above sea level. 

SILURIAN SYSTEM 
MEDINAN SERIES 

Albion group—The Brassfield limestone is the most widely dis- 
tributed Silurian formation in central Tennessee. A definite sandy 
shore phase, however, was found 3 miles north of Nashville. This 
suggests that the Brassfield sea covered all of the dome except a rela- 
tively small central island. During the remainder of the Albion the 
entire dome was above sea level. 

NIAGARAN SERIES 

Clinton group.—During most of this time the entire dome was 
above sea level, for the Osgood formation is the only formation of 
this age known on the dome. It is relatively constant in thickness 
and lithology. No data were obtained concerning the distribution 
except that the Osgood and the overlying Lockport formations were 
previously more extensive than now, having been eroded from the 
higher parts of the dome. 

Lock port group.—In the valley of the Tennessee River in western 
lennessee this group is represented by the Laurel, Waldron, Lego, 
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Dixon, Beech River, Bob, and Lobelville formations. Of these the 
Laurel, Waldron, Lego (?), and Lobelville are present on the dome, 
but limited to the west and northwest flanks. The absence of the 
Dixon, Beech River, and Bob indicates a period of uplift between the 
deposition of the Waldron and Lobelville. 

These four formations, which are present on the dome, were more 
extensive at one time, post-Lobelville and pre-Chattanooga uplift 
and subsequent erosion having removed these strata from large areas. 
The Laurel and Lobeiville formations in Macon and Sumner counties 
contain much sand, and are interpreted as local shore phases. It is 
believed that the high part of the dome was above sea level during 
the deposition of the Laurel, Waldron, Lego, and Lobelville, and 
that the entire dome was above sea level during the deposition of the 
Dixon, Beech River, and Bob in western Tennessee. 


CAYUGAN SERIES 

This series is represented in western Tennessee by the Decatur 
limestone, which is not present on the dome. During this time th 
dome was above sea level and the earlier deposits subjected to ero 
sion. 

Dunbar’ refers to the post-Lobelville and pre-Decatur warping 
and erosion in Decatur County as follows: 

At Lady’s Bluff it [the Decatur] succeeds the bryozoan zone of the Lobelville 
while only four miles up the Tennessee River, near Perryville, it rests with ero 
sional unconformity upon the much older Beech River horizon, where both 
Lobelville and Bob formations are absent, due to interformational erosion. At 
Decaturville, about seven miles farther southwest, a distinct angular uncon 
formity separates the Decatur and Beech River formations, while at Browns | 
port Furnace, only six miles south of Perryville, both Lobelville and Bob are ( 
present and measure 60 feet in thickness. 


DEVONIAN SYSTEM 
LOWER DEVONIAN SERIES 


Helderbergian and Oriskanian groups —In the valley of the Ten 
nessee River the Rockhouse, Olive Hill, Birdsong, Decaturville 
Quall, and Harriman formations were all deposited with erosional 


Op cil., p. 36. 
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unconformities between them.”* Neither of these two groups is rep- 
resented on the Nashville dome, and hence the Ordovician and Silu- 
rian strata were being subjected to more or less erosion during this 
time. 
MIDDLE DEVONIAN SERIES 

Ulsterian group—The Camden chert is present only in western 
Tennessee, the dome still being above sea level. A marked erosional 
unconformity exists below the Camden chert, as it rests upon differ- 
ent formations of the Lower Devonian at different localities.” After 
a break in the deposition, the ““Pegram’’ limestone was deposited. 
This limestone extended much farther east than any other Devonian 
formation, and its seas actually invaded the lower flanks of the dome 
in Cheatham and Davidson counties and in Trousdale County. 
Post-‘‘Pegram”’ erosion greatly reduced the extent of the limestone, 
leaving small isolated exposures in Wayne and Humphreys counties. 


CHATTANOOGA SHALE 

Following the post-“‘Pegram” erosion, the Chattanooga shale was 
deposited completely across central Tennessee over the truncated 
edges of strata of all groups of rocks present in central Tennessee 
from the Trenton to the Ulsterian. The black shale averages from 
10 to 4o feet throughout central Tennessee, except along the south- 
ern and southwestern part of the dome where it is very thin and lo- 
cally absent. The thinning of the shale seems to coincide with the 
thickening of the basal part, the Hardin sandstone member. Also the 
black shale is locally thin or absent on anticlinal structures. These 
relationships suggest uplift on the southern end of the dome during 
deposition of the formation. 

Following the deposition of the Chattanooga shale, the develop- 
ment of the Nashville dome continued through the later Paleozoic in 
the same way as herein outlined for the early Paleozoic, and bearing 
the same close relationship to the later Paleozoic history of Appala- 
chia as it had during the early Paleozoic. 

Ibid., pp. 3 2 Ibid., pp. 82-86 
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THIN-SECTION MECHANICAL ANALYSIS OF 
INDURATED SEDIMENTS 


W. C. KRUMBEIN 
University of Chicago 
ABSTRACT 

Present methods of mechanical analysis are confined to rocks that can be separated 
into their component grains. This restriction is partly removed by a new method in 
which correction factors are added to data obtained from thin sections. Check analyses 
on St. Peter sandstone and a glacial sand show that the range of error of the average 
grain size and other statistical measures is within that permissible in mechanical analy 
sis. Finally, an actual application is made to a pre-Cambrian quartzite in which second 
ary growth has completely cemented the grains. The necessary mathematical theory to 
establish the correction factors is given in the Appendix at the end of the paper 

INTRODUCTION 

The determination of the size-frequency distribution of sediments 
is confined to rocks in which the component grains may be separated. 
With indurated sediments the problem becomes one of breaking 
down the cement without doing violence to the grains themselves. 
Certain types of rock, like quartzites in which secondary enlarge- 
ment has occurred, are nct amenable to any present method of 
attack, as far as the writer is aware. 

It would be useful to have a method of mechanical analysis in- 
dependent of disaggregation. Among the pre-Cambrian rocks there 
are few that can successfully be separated into their component 
grains, so that sediments of that age are at present closed to me- 
chanical analysis. Many later rocks are also cemented too firmly 
to be broken down. Complete methods of analysis for these rocks 
may not be possible, but it would be desirable to have fairly close 
approximations to the average grain size and to the degree of scatter 
of the data.’ Such values would open the field for a partial study of 
the size attributes of the older sediments, and in general would en- 
able geologists more precisely to describe the physical characteristics 
of indurated sedimentary rocks. 

Examinations of the older sediments are made by thin section, 


* The degree of scatter may be measured by the standard deviation, the quartile d 


viation, or by the moments of the distribution. The subject will be returned to later 
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largely for mineralogical analyses. It is common knowledge that if 
random grain diameters are also measured from thin sections, the 
distribution of observed diameters will not be an accurate indication 
of the grain diameters themselves. This is because in only a very 
small number of cases will the random sections be exactly through 
the center of the grain. Generally the average size of the grain sec- 
tions will be less than the average size of the grains. However, with 
spherical grains there is a definite relation between the random sec- 
tioning and the true size distribution, so that mathematical analysis 
may determine what corrections must be applied to the random 
sections. 

\ complete solution of the problem is not simple; but fortunately, 
the more important statistical values of sediments, including the 
average grain size and the standard deviation, may be determined 
satisfactorily even though the grains are not true spheres. As a first 
attack on the general problem, theoretical solutions were obtained 
for these several values, and they yielded quite simple correction 
factors. Upon these correction factors a simple technique of thin- 
section mechanical analysis is based, which yields dependable values 
over a fairly wide range of indurated sediments. 


EXPERIMENTAL APPROACH 

lhe interested reader may refer to the Appendix of this paper for a 
discussion of the theory involved. In the text the results of the 
theory will be applied to actual rocks, to demonstrate the use of the 
method in geology. A sample of St. Peter sandstone is studied both 
as loose grains and from a bakelite-impregnated thin section, to 
determine how closely theory and practice agree. To bring in the 
factor of grain shape, a similar experiment is performed on a slightly 
re-worked glacial sand. Finally, the method is applied to a thin 
section of quartzite, to show the suggested steps in an actual analysis. 
It will be interesting to see just how random sectioning affects the 
observed data in the case of spheres. A number of lead shot, all of 
the same radius, were imbedded at random in sealing wax and ground 
down to a polished section. The radii of the observed circular sec- 
tions were measured, and the data arranged in classes equal to tenths 
of the true radius, called ‘‘unity” for convenience. These data are 
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shown in Table I. The observed radii range from zero to unity; and 
when the observations are plotted, as in Figure 1, the result is even 
more striking. A smoothed curve passed through the histogram 
results in a curious frequency curve: one in which the line rises to 
the right but does not descend again. The average radius, computed 
from the observed data, is 0.763 of the actual radius of the shot. 

If one confined himself to the observed data, he would assume that 
he had spheres of various sizes, and he would find that the observed 


TABLE | 


RANDOM SECTIONS THROUGH LEAD SHOT 
Actual radius=o.13 inch, called ‘‘unity” in table 


Number of 


Class Interval in r/10 
Sections 
I I 
9.3 2 
3 
+ 
4 ) 
( 9 
12 
I 
) 20 
) 49 
Potal 122 


average size is some 24 per cent smaller than the actual. This serve 

to illustrate the general effect of sectioning through a rock, and in 
dicates that one cannot argue from observation alone that he has 
either the true value of the average size or even an approach to the 
true frequency curve. 

In actual practice the picture is more complex. The grains of 
sediments are not all of one size; nor are they true spheres. However 
the theoretical corrections for a distribution of spheres have been 
worked out in the Appendix; and if the sedimentary grains do not 
depart too widely from sphericity, quite usable values may be had in 
practice. ‘The present approach is not alone in suffering from a lac} 


of true spheres among sediments. In sieving, the diameters of the 
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separates are expressed in terms of the sieve meshes; and in sedi- 
mentation analysis the sizes of the grains are given in terms of spheres 
of the same specific gravity, having the same settling velocities as 


50 cH 





the grains. 

lhe corrections to be applied 
to the random diameters of the 
thin section are not difficult to — 40}— nnsamaianniiiiiatitteiial 
use. In practice perhaps the 
simplest technique is to measure 


a number of the sectional diam- » 30;-— —} 
eters and arrange them into Z 
equal interval classes. From this 3 
distribution the statistical meas- « 20; ' = 
ures are computed, and by means 
of the correction factors the cor- 

10 = 


responding values of the grain 





distribution may be found. It 


will be most convenient to ap 
i¢] l = 


proach the subject from the o123 458 67 6 8 | 
OBSERVED RADI! 














standpoint of the moments of the 
distributions,? because the rela- Fic. 1 Histogram and frequency curve 
. of random sections through lead shot 
tions between the moments of 

the thin section and those of the grains are quite simple. These 
relations may most conveniently be shown by symbols. Let » 
be the first moment of the random sections, and p,, be the first 


moment of the grains. Then 


Vy =~ Vy = 1.27 Vr. (A 
rhe moments of a frequency distribution are parameters or constants that describe 
properties of the distribution. The first moment is the arithmetic mean, and the 

ond moment is the basis of the standard deviation. Higher moments involve the skex 
and the kurtosis of the distributions, but without analytic expressions for the curve 
their significance often is not clear. The arithmetic mean and the standard deviation 
least measure the average size and the degree of scatter of the data about the average 
and are useful in any distributions. The text of this paper will consider only the 


first two moments, but in the Appendix the third and fourth moments are mentioned 


Ihese equations are derived in the Appendix at the end of this paper 
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Let v,, be the second moment of the observed sections, and r,, that 
of the grains. Then 


=1.50 Yn. (B 


Thus it is only necessary to multiply the observed moments by a 
constant in each case, to obtain the corresponding values of the ac 

tual grain distribution. The first use to be made of these correction 
factors is obviously to apply them to a check analysis. St. Peter 
sandstone was chosen because of the nearly ideal shapes of the grains 


TABLE II 
SIZE DISTRIBUTIONS OF LOOSE GRAINS AND RANDOM 
SECTIONS OF ST. PETER SANDSTONE FROM 
ST. PAUL, MINNESOTA 


Loose Grains | Thin Section 
Class Interval 


(Mm.) (Number | Number 

Frequency) Frequency) 
©.04-0.05 er | 43 
o8 12 10 79 
I2 10 100 03 
10 20 79 7O 
20- .2 44 27 
2 23 32 10 
28 32 15 9 
32 30 13 5 
30 40 4 I 

©.40- .44 I 

Total 304 | 342 


A sample of loose grains was scattered on a slide, and the images 
thrown on a sheet of paper by means of a microprojector. The magni 
fication was 50, and the outlines of several hundred grains were 
drawn. The maximum horizontal intercept through each grain was 
then measured, and the data arranged in equal classes having an 
interval of 0.04 mm., which was convenient for the range of sizes 
involved. An exactly similar process was followed with a thin sec 
tion of a bakelite-impregnated sample, this time measuring the 
maximum horizontal intercepts through the random sections of the 
sand grains. 

The data in both cases are given in Table II. The grains distribute 
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themselves quite differently over the classes, which is clearly 


brought out by the histograms of Figure 2. In the figure of the loose 


grains there are more large particles, while in that of the random 


sections there is a definite increase in the smaller sizes. There is no 


simple relation between the two histograms, however, because it is 


not a case of the grain curve being merely shifted in position. Rather, 


the properties of the curve have been changed in several respects. 


Figure 3 is a photomicrograph 
of St. Peter sand grains from the 
original sample. It shows the 
general shape of the grains used 
in the experiment. 

Next the first two moments of 
the distributions were computed 
by a method to be described 
later. These are shown in Table 
II, which also compares the cal- 
culated and actual values for the 
grain distribution. The relative 
error between theory and obser- 
vation is indicated in the last 
column. 
that 


quite satisfactory checks may 


These results indicate 
be obtained even when the grains 
are not true spheres. The error 
in the second moment increases 
because it involves squared 
terms. 
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Fic. 2.—Size distributions of loose grains 


and random sections of St. Peter sandstone. 


With the first moment, which is the arithmetic mean size, 


the practical agreement is very satisfactory. Even for the standard 


deviation,’ which is based on the second moment, a check within 5 
per cent is all that can be desired. The degree of approximation 
reached here compares favorably with that obtained by ordinary 


methods of mechanical analysis. 


It should be borne in mind that 


4 The standard deviation, ¢, may be computed from the second moment by using 


the relation o?=v.—(v:)?. 


o=V 0.0415 —(.193)?=0.065. 


In the observed grain distribution this value is 
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grains. 
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First moment 
Second moment 
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St. Peter sandstone, St. Paul, Min- 
nesota. Magnified about 20. 


TABLE III 


ST. PETER SANDSTONE: 


THin-SECTION 
DISTRIBUTION 


Calculated 


0.149 
0.0203 


0.189 
0.0395 


ordinary methods usually mask the factor of grain shape; whereas 
here it is brought out by the necessity of measuring individual 


One may argue that the close agreement reached here is a reflec 
tion of the shape of the St. Peter grains. To check this point, a 
sample of slightly re-worked glacial sand having rather irregular 


grains was subjected to exact- 
ly the same kind of analysis 
as the St. Peter. A different 
class interval was used, how- 
ever, suited to the different 
range of sizes. The distribu- 
tions are given in Table IV; 
and Figure 4 shows some of 
the grains, to indicate their 
difference from the St. Peter. 
As in the previous case, the 
observed and calculated val- 
ues of the distributions are 
shown in Table V. 

The surprising thing here is 


that apparently the error has not been appreciably increased in the 
moments. This experiment indicates that the statistical values may 


SUMMARIZED DATA 


GRAIN DISTRIBUTION ' 
RELATIVE 


ERROR 


(PERCENTAGE) 
Observed 


0.193 —3.6 
0.0415 —4.8 


be approximated over a wide range of apparent grain shapes. In 
seeking a reason for the agreement here, recourse was had to the 
concepts of roundness and sphericity.’ The roundness is obviously 

Hakon Wadell, “Volume, Shape, and Roundness of Rock Particles,’ Jour. Geol., 
Vol. XL (1932), pp. 443-51; idem, “Sphericity and Roundness of Rock Particles,” ibid.., 
Vol. XLI (1933), pp. 310-31. 
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different, but measurements of the sphericity of the two sands dis- 
closed that the average sphericity of the St. Peter sand is about 
0.76, while that of the glacial sand is about 0.70. Thus, despite ap- 



































parent differences in the sands, the controlling factor in the experi- 
ments, the sphericity, is not strikingly different. What difference 
there is apparently does not seriously distort the values. 

Part of the error involved in both experiments is undoubtedly to 
be traced to the definition of grain size adopted. The grain size was 
defined as the maximum hor- 
izontal intercept in order to 
have a measure that was con- 
venient to apply, on the 
ground that if a good check 
resulted from a simple defini- 
tion of size, more rigorous 
limitations should increase 
the accuracy of the method. 
With regard to a more rigor- 
ous definition, the writer es- 
sentially follows Wadell, who 
suggests® that the area of 
each grain section be meas- Fic. 4.—Re-worked glacial sand, Lake Min- 
ured with a planimeter, and _nitaki, District of Kenora, Ontario. Magnified 
the nominal sectional diam- *?°Ut '°*: 
eter of the grain be defined as the diameter of a circle having the 
same area as the maximum grain section. Such a definition will give 
better results because it yields less erratic values when very irreg- 
ular grains are involved. By eliminating extreme cases, it also reduces 
the absolute value of the standard deviation, although its effect on 
the arithmetic mean is negligible. Thus in a sandstone with grains 
as angular as the glacial sand, it may be advantageous to use nomi- 
nal sectional diameters instead of intercept diameters. The use of a 
planimeter greatly lengthens the time required, however, so that the 
accuracy demanded determines the effort to be expended. When 


6 “Volume, Shape, and Roundness of Quartz Particles,” ibid., Vol. XLIII (1935), 
p. 258. Wadell’s definition concerns loose grains, but random thin sections may sel- 
jom cut the longest and intermediate diameters. The diameters of thin sections are 
thus virtwal nominal sectional diameters. 
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only the average grain size is required, or among sands that are 






somewhat more spherical, the value obtained by the simpler in 






tercept method is satisfactory. 






















TABLE IV 


SIZE DISTRIBUTIONS OF LOOSE GRAINS AND RANDOM 
SECTIONS OF A RE-WORKED GLACIAL SAND FROM 
MINNITAKI LAKE, DISTRICT OF KENORA, ONTARIO, 
CANADA 


Loose Grains Thin Section 


Class Interval : 
(Number } (Number 
(Mm.) : | 
Frequency) Frequency) 
| 
©.00-0.12 ar | > 
12 24 } 6 | 50 
2 30 70 152 
30- .48 132 75 
48 60 66 32 
60 72 2 13 
72 84 | 8 4 
84-0 .96 4 3 
°0.96-1.08 3 
I.O5-1.20 I 
Total 314 334 
TABLE V 


RE-WORKED GLACIAL SAND: SUMMARIZED DATA 


GRAIN DISTRIBUTION 


va | RELATIVE 
THIN-SECTION | 
ERROR 
DISTRIBUTION a 
. CENTAGI 
Calculated Observed 
First moment 0.353 0.448 0.456 1.8 
Second moment 0.146 |} 0.218 ©. 230 5.1 


APPLICATION OF METHOD TO QUARTZITE 
There are situations in which it is desirable, even in general areal 
studies, to investigate the variations in grain size and in the standard 
deviation of sediments over a terrane or along a traverse. For that 
purpose a simple technique is illustrated here. 
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A thin section’ of quartzite from Palms Mine, Bessemer, Michigan, 
is used to illustrate an actual problem. The original grain outlines 
are visible in the section, although the secondary quartz renders 


hopeless any attempt at disaggregation. Figure 5 illustrates these 
aspects of the rock. Some grains are fractured, and a few are mashed, 
but on the whole a fairly satisfactory set of measurements was ob- 
tained. The thin section was placed in a microprojector (a camera 
lucida would have done as well), and the images magnified about 50 
times. A millimeter scale was projected over the field to determine 
the exact magnification. The 
outlines of some 500 images 
were drawn on a sheet of 
paper, and the maximum hor- 
izontal intercepts through the 
variously oriented grains 
were measured with a milli- 
meter scale. On the basis of 
the magnification, a conven- 
ient number of equal class in- 
tervals was chosen, and the 
measurements distributed 
over them. The actual class- 





es were 0.08 mm., which cor- Fic. 5.—Quartzite, Palms Mine, Bessemer, 
re sponded to4mm.intheim- Michigan. Nicols crossed. Magnified about 
ages. - 

Table VI shows the data, and this time the calculations fer the 
first two moments are included. 

The values obtained in the foregoing manner are the observed mo- 
ments of the thin-section distribution. To obtain the corresponding 
moments of the grain distribution, multiply the observed values by 
the constants in equations (A) and (B) above. The values thus found 
are v,,=0.418 mm. and v,,=0.179. Hence the average size of the 
quartzite grains is 0.418 mm.; and from the relation o? =v,—(v,)’, 
the standard deviation of the grain distribution is 0.071. 


\ film taken from a polished section may be used instead. See J. E. Appel, “A Film 
Method for Studying Textures,” Econ. Geol., Vol. XXVIII (1933), pp. 383-88. 
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In this example, two statistical values of the grain distribution 
have been found.® The shapes of the grain sections suggest that the 
average size is within 2 per cent of its correct value, and the standard 
deviation within 5 per cent. 

TABLE VI 


DISTRIBUTION OF INTERCEPT DIAMETERS IN THIN SECTION OF 
QUARTZITE FROM PALMS MINE, BESSEMER, MICHIGAN* 


Number 


C) 

— Frequency m fm m fm? 

Mr 

0.08 1¢ 16 >. 32 I.g2 0.014 0.224 
r¢ 4 6 2) 17.40 040 3.480 
4 I 28 43.40 075 12.100 
4 150 30 4.00 130 Ig. 500 
4 4 ( 44 25.00 1g2 12.500 
48 ( 2 2 16.64 271 8.670 
( 04 6 60 4.50 300 2.850 
64 72 4 68 3.72 403 1.350 
2.7 . I 0.70 0.70 | 0.579 0.579 
lotal I 170.24 61.783 


* Computations b e rule 


In determining the moments of the distribution, the mid-point of each class is en 
tered in the column headed m. The grain frequency f in each class is multiplied by m 
and the products entered in the fm column. This column is totaled and divided by the 
total frequency, here 518. The resulting quotient is the observed first moment, vii 

29. For the second moment the mid-point of each class is squared and entered in the 
m? column. The grain frequencies are now multiplied by these squared values, as shown 
in the fm? column. The total is divided by 518 to yield the observed second moment 
ve2=0.119. Higher moments may be computed by following a similar process with 


successively higher powers of m 
CONCLUDING REMARKS 
There are many factors connected with the problem of thin 
section mechanical analysis that require further investigation. As 
with any new technique, the first question naturally concerns the 
assumptions on which the theory is based. The writer believes that 
the assumption of sphericity will not introduce serious errors within 


Ihe asymmetry of sedimentary frequency curves plotted on an arithmetic size scale 


lends extreme values to statistical constants based on moments higher than the second 
Hence it may be preferable to use such higher moments directly, rather than convert 
ing them to skewness and kurtosis. The use of logarithmic probabilities to simplify the 


values is touched upon later 
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| the range of application of the method, especially if some judgment 
is used in defining the diameters of non-spherical grains. It is ob- 
vious, however, that definite restrictions must be placed on the 
technique in its present form, in terms of the range of shapes and 
sizes that will afford reasonably close agreements between theory 
and practice. It seems safe to apply the method to conglomerates 
and sandstones, and perhaps the coarser silt-stones. Among finer 
sediments lies an unexplored field in terms of the shape factors in- 
volved, and the influence of authigenic changes naturally introduces 
further complexities. In a similar way metamorphism places re- 
trictions on the method. 

Even among the coarser sediments, it is obvious that more ex- 
treme grain shapes, such as flakes, laths, and prismatic grains, must 
depart too widely from true sphericity to permit even an approxi 
mate check. Just where the limit lies in practice must be determined 

experiment. Ultimately, there should be developed a set of 
criteria by which the degree of approximation may be estimated in 
any given case. Naturally this closer attention to detail will increase 
the tediousness of the work, but there is no escape from that in 
definite quantitative investigations. 

\nother feature of the theory is the assumption of a random dis- 
tribution of spheres. In practice this assumption is not wholly satis 
tied because of the packing effect in sediments. Naturally a serious 
bias enters the results if the thin section is cut parallel to the bedding 
in such a manner that it intersects a series of grains having a particu 
lar packing effect. The safest generalization appears to be that the 
thin section should be cut at some random direction in the sediment 
to avoid this as far as possible. 

In addition to the error involved in calculating the statistical 
values of the grain distribution, there is also the probable error of the 
tatistical measures themselves. ‘The number of grains that must be 
counted to reduce this error to a negligible quantity may be deter 
mined, and it seems not unlikely that about 500 grains is a reasonable 
estimate. With a planimeter the number may be cut about in half. 

Another aspect of the general problem involves the statistical 
measures used to describe the sediment. At present most mechanical 


analyses are expressed as weight-percentage frequencies on an un 
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equal interval basis. Furthermore, averages and other statistical 
values are expressed as medians, geometric means, standard devia- 
tions, and various quartile deviations. The result is that statistical 
values are not strictly comparable unless they are expressed in the 
same terms and are obtained by the same type of technique. This 
limitation surrounds the present method as well as others. 

Observers quite generally have noted that frequency curves of 
sediments are much more symmetrical when plotted on a logarith- 
mic basis, and it will probably be found that such logarithmic treat- 
ment is more applicable to sediments than common statistical de 
vices. The theory presented in the Appendix is amenable to attack 
on a logarithmic basis; but the complexity increases quite notice- 
ably, and at present little has been done with that aspect of the case. 
An attack on the whole subject of logarithmic probabilities must 
shortly be made from the viewpoint of sedimentary analysis. It is 
not a subject to be touched upon lightly, however. 


APPENDIX 


The general problem is this: Given a distribution of random sections through 
a set of spheres, to arrive at the size distribution of the spheres themselves. We 


r- 


dy analysis has been made of the probabilities involved in 


shall consider here only a solution in terms of the mo 
ments of the distribution. Apparently no previous 








the study. The writer wishes to acknowledge his in 
debtedness to Dr. Walter Bartky, of the Department 














y : is : cis 
of Astronomy of the University of Chicago, for much 
x aid in setting up the probabilities and for the solution 
Ol lof the integral equation in terms of the moments of the 
x 1 


:, ; — distributions. Dr. Bartky also offered much aid and 
IG. ¢ art ol a sphere rr ss ‘ 
criticism of the body of the paper itself. 
to be cut by a random : 6 : . 
' : We may consider first a random section through a 
section along the y-axis Be : 7 : 
. rte sphere of radius 7, and determine the frequency func 
Irom rto-+rr . is ° p 
tion of observed radii that occurs when a number of 
spheres of this same radius are sectioned at random. Fortunately, we may 
confine ourselves to two dimensions. In Figure 6 is part of a sphere to be cut 
by a random section anywhere along the y-axis from —r to +r, with an equal 
likelihood for any given point of intersection. We may, in fact, restrict ourselves 
to the range from o to 7, since the circle is symmetrical. The equal likelihood of 
cutting the section between y and y+dy may then be stated as P,=1/r. Call the 


observed radius of the random section x, a variable measured along the x-axis. 
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We wish to find P(x), the distribution of observed radii. To do so, let y= H(x) 
and dy=H’(x)dx. From the circle we know that x?+-y?=r?, so that 


y= H(x)=V P-v, (1) 


= ee —-— (2) 


yYy f—F 


For transforming the probabilities we may use the usual relation, P(x)dx= 
P.|H(x)|H’(x)dx, and by substitution we obtain 


P(x)dx= : dx . (2) 
ry r-x 


[t will be noted that the sign of dx has been changed, to keep the probabilities 
sitive. 
Figure 7 shows the form of the P(x) curve. It is the same as the smoothed 
curve obtained experimentally in Figure 1 of the text. The curve is asymptotic 
to the line x=r, but the area is finite. In fact, by in- 





tegrating equation (3) over the range o to r the area 

is found to be unity, as it should be in a probability 
curve. 

In the general problem we are interested in a fre- | 

= 

=< 

we 


a 


quency distribution of spheres. Call the actual fre- 
quency distribution of radii F(r), where F(r)dr is the 
probability that r lies between r and r+dr. From 


the random sections we observe a distribution of x’s x 








or apparent radii, which we may call Q(x). Here 





()(x)dx represents the probability that x lies between x—+ 
Fic. 7.—Form of the 


vr and x+dx. Now the probability that r is between 
»(x) curve. 


rand r+dr, and the probability that x lies between x 

and x+dx is P(x)F(r)drdx. Since r may have any value greater than x, Q(x) 
extends over all the possible values of r, and hence is the integral of the expres 
sion from x to infinity: 


7 a 
F(r) 
O(x) { P(x)F(r)dr vf dr , (4) 
JX a 


- yy e— 


where dx has been dropped from both sides of the equation. 

Equation (4) is an integral equation; and in practice Q(x) will be a set of em 
pirical data, F(r) will be entirely unknown, and P(x) will apply strictly only 
when perfect spheres are involved. For these reasons the solution is restricted 
to a consideration of the moments of the distributions, because from the ob 
served data the moments of Q(x) may be computed and converted into the 
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corresponding moments of F(r). To arrange equation (4) fora solution in terms 
of the moments, multiply both sides bv x” and integrate over the range o to « 
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as is explained in standard textbooks of the calculus 


be shown that the substitutior 


With the equation arranged as in (s), it 
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THE GRANITE-PORPHYRIES OF GREAT BEAR LAKE, 
NORTHWEST TERRITORIES, CANADA 
CHRISTOPHER RILEY 
University of Chicago 
ABSTRACT 


\ granite-porphyry mass, one of a number of porphyries with complex relationships 
occurring in the pre-Cambrian of Great Bear Lake, is defined. A description is given of 
the various phases of the formation, its contact phenomena, its apophyses, its form and 
possible origin, and post-intrusive alterations of a pneumatolytic character. Associated 

rmations are briefly described, and some of the interesting physical features of the 
egion discussed 


PHYSICAL FEATURES 

Great Bear Lake lies on the Arctic Circle in the Northwest Terri- 
tories of Canada. It is one of the great lakes of North America, rank- 
ing next in size to Huron. In shape it is irregular, being formed of 
tive large arms, of which the most easterly is McTavish Arm. On the 
eastern shores of this arm is the area in which occur the formations 
to be described in this article. For convenience this will be called the 
Lindsley Bay area. 

The rocks on the shores of McTavish Arm are pre-Cambrian in 
age and contrast strongly in their physical expression with those of 
the rest of the lake basin, which are mainly Mesozoic and Paleozoic 
lhe old rocks are resistant, highly folded, and form rugged hills; 
while the later rocks are soft, only slightly folded, and form a rolling 
topography. This difference also appears in the outline of the lake 
shore, as is clearly shown on the map in the very complex shores and 
numerous offshore islands of McTavish Arm compared with the 
mooth shores of the rest of the lake. An intermediate type of topo 
graphical expression appears on the peninsula north of McTavish 
\rm, where the rocks are probably late pre-Cambrian and are less 
deformed than those on the eastern end of the arm 

Raised beaches are commonly seen in the pre-Cambrian area 
Most of them are small; but one near Hornby Bay at the north end 
of McTavish Arm has a length of 9 miles, a width of } mile, and a 
top elevation of 500 feet above the present high-water level.‘ Others 

‘DD. FF. Kidd, Can. Geol. Surv., Summary Rept., Part ( 1931), Pp. 54 
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may be found as far as 10 miles inland and 290-300 feet above the 
lake level. Isolated as they are from other indications of the former 
presence of the lake, and surrounded by forests, they present a 
striking appearance. So far as the writer is aware, no work has been 
done on the determination of the former extent of the lake; and, in 
fact, only one other short study has been made of the higher levels 
of Lake Athabasca and Great Slave Lake, the two other large lakes 
of the MacKenzie River basin.” 





Fic. 2.—Looking west from hills at Smat over volcanics and sediments. Hill in 
right background is about 1,000 feet above the lake. Small frost-heaved boulder in 
inite porphyry in foreground 


Heaved blocks, probably peculiar to such latitudes, form an inter- 
esting feature of the Lindsley Bay district. In areas of granite and 
dense porphyries, the frost lifts masses straight out of the solid rock. 
Apparently the heaving action is begun by water freezing in small 
joint and sheeting planes. Small, broken rock fragments wedge the 
block up, and the process continues from year to year. The largest 
block seen was some 12 feet high and 40X30 feet in horizontal 
dimensions. The blocks are not numerous, probably because of the 
rarity of the exact conditions permitting their formation. One of 
these is shown in Figure 2. 

Pseudo-glaciers’ provide another interesting feature of the dis- 

2A. E. Cameron, “Recent Glacial Lake in the MacKenzie River Basin, N.W.T., 
Canada.” Jour. Geol., Vol. XXX (1922), p. 337. 

‘In an earlier paper (Can. Min. Jour., April, 1933), I have referred to these as 
temporary glaciers,” but on the suggestion of Dr. J Harlan Bretz, of the University of 


Chicago, have here used the more appropriate term “pseudo-glaciers.”’ 
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trict. Some streams, where the gradient is fairly steep, freeze and 
overflow, and continue the process until ice masses, up to 50 feet 
thick, 300 feet wide, and 1 mile long, are formed. They are melted 















lic. 4.—Course of a pseudo-glacier 


by the first of August, leaving rock surfaces clear of all vegetation. 
The ice movement is very slight, as the striation from the Pleisto 
cene glaciation may be found in the courses of these pseudo-glaciers 
Figures 3 and 4 show the glaciers and their courses. 


As in other parts of the pre-Cambrian shield, lakes are numerous 
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Here they average one or two to the square mile, and compose about 
one-third of the surface. The mantle of drift is light and is confined 
mainly to the valleys. The forests are thin and consist predominant- 
ly of spruce, with some white birch and poplars. There is but little 
undergrowth, and bush travel is not difficult. 


GEOLOGY 

The first geological work on Great Bear Lake was done by Bell,‘ 
who, in 1899, made a reconnaissance trip around the lake and de- 
scribed the rocks briefly. Nothing further was done until the mineral 
discoveries of 1930 began to take technical men into the field. Since 
then a number of papers have appeared, of which those giving tables 
of formations are listed below.’ These studies deal chiefly with a 
district about 15 miles south of Lindsley Bay, around Echo Bay, 
where the important mineral deposits occur. 

The rocks of the Lindsley Bay area and vicinity may be grouped 
in a general way as a series of pre-Cambrian volcanics, sediments, 
minor intrusives, and large bodies of granite. Of the first three types, 
porphyries form by far the greater part, and of these there are many 
varieties. Their separation forms one of the harder geological prob- 
lems of the field, as their relationships are complex. This is due 
largely to a similarity of appearance, to the difficulty in outlining 
their boundaries, and to the obscurity of their origin. Since to map 
and describe all of them would be a work of considerable magnitude, 
this study confines itself to one only, called here the “Lindsley Bay 
granite-porphyry. ‘The formations associated with it will be de 
scribed briefly. The table of formations for the Lindsley Bay area as 
given by Kidd? is as follows: 

Basic dikes and sills; large quartz veins 

Granite and other acid plutonic rocks 

Sedimentary and volcanic complex 

‘J. M. Bell, Can. Geol. Surv. Ann. Rept., Vol. X11 (1899), Part C., p. 26 

>C.R. Knight, ‘‘Pitchblende at Great Bear Lake,” Can. Min. Jour., Vol. LI, No. 41 
1930); J. A. Reid, “The Minerals of Great Bear Lake,” Can. Min. Jour., Vol. LULL, No 

(1932); D. F. Kidd, Can. Geol. Surv., Summary Rept., Part C. (1932, 1933); C. Riley, 
Some Mineral Relationships in the Great Bear Lake Area,” Can. Min. Jour., Vol. LIV, 
No. 4 (1933); H. S. Robinson, ‘Notes on the Echo Bay District, Great Bear Lake,” 
Can. Inst. Min. Met. Monthly Bull. (October, 1933), p. 614 


“Op. cil 46 
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The following grouping is herewith given, thus adding the granite- 





porphyry to the others: 






Basic dikes and sills 
(Intrusive contact) 
Granite 
(Intrusive contact) 
Lindsley Bay granite-porphyry and apophyses 


























(Intrusive contact) 
Volcanics and sediments 
In an earlier paper’ the writer presented a similar table except that a 
rhyolite-porphyry was added. This he has since recognized as one of 
the apophyses of the granite-porphyry. 


VOLCANICS AND SEDIMENTS 


The volcanics and sediments of the Lindsley Bay area comprise a 
number of formations of which three main types were observed in 
association with the Lindsley Bay granite-porphyry. These are sedi 
ments, quartz-porphyries, and andesite-porphyries. 

Andesite-por phyries.— The andesite-porphyries occur in contact 
with the granite-porphyry from a point 1 mile south of Smat to the 
northeastern end of Vance Peninsula. They also occupy a similar 
position across the peninsula south of Domex Bay, on Cornwall 
Island, and on Boadway Island. Andesitic rocks of somewhat differ 
ent appearance occur on Stevens and Achook Islands. 

The andesites are dense, massive, and resistant rocks, generally 
dark gray, but in some cases red-brown in color. Feldspar pheno 
crysts are prominent in hand specimens with a few quartz pheno- 
crysts occurring in the dark-gray types. Thin sections show pheno 
crysts of quartz, feldspar, biotite, and hornblende in a felty ground- 
mass consisting of microlites of plagioclase feldspar. The quartz 
phenocrysts are few and commonly show partial resorption. The 
feldspars are generally altered beyond recognition; but where deter 
mination is possible, they are andesine, about Ab,;An,,. Fresh biotite 
is rare, though all slides show its alteration products. Hornblende 
occurs in a few specimens only. Zircon and apatite are accessory 
The composition of the rock is that of andesite and quartz-andesite 


“Some Mineral Relationships in the Great Bear Lake Area,” op. cit., p 
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Quarls- por phyries.—Quartz-porphyries outcrop in many places 
from Smat northward to Western Channel, and also in a belt of vol- 


canics and sediments extending southeastward from Gilleran Lake, 
not shown on the map. They form contact with the granite-porphyry 
in one locality only, and no attempt is made here fully to define their 
boundaries. Little field evidence of the extrusive or intrusive charac- 
ter was secured; but microscopic evidence suggesting the former is 
the presence of shattered phenocrysts, flow textures, spherulites, in- 
clusions of other rock types, and patches of devitrified glass. While 
such phenomena are occasionally found in dike rocks,’ the wide- 
spread occurrence of these quartz-porphyries and the fact that 
hypabyssal forms are not plainly apparent in the field tend to sup- 
port the microscopic evidence. 

There are several varities of this rock. A brownish gray type with 
numerous, small phenocrysts of quartz and fewer phenocrysts of 
feldspar occurs 2 miles south of Smat on the lake shore, on the south- 
western part of Rocher Rouge Island, in several localities in the belt 
southeast of Gilleran Lake, and interbedded with grits on Cornwall 
and Stevens Islands. A dark-gray quartz-porphyry with red phases 
and carrying numerous rock inclusions outcrops on the northeastern 
part of Stevens Island, at Survey Post 33, on a reef } mile north of 
Cornwall Island, and on the shore of Achook Island due west of this 
reef. Red rhyolitic rocks carrying fragments similar to the andesite- 
porphyries in composition and appearance occur on the northwestern 
part of Cornwall Island. 

All the varieties of the quartz-porphyries beleng to the granite 
family. Thin sections generally show phenocrysts of quartz, ortho- 
clase, plagioclase (about Ab,,An,,), biotite, hornblende, and accessory 
apatite and zircon in a cryptocrystalline groundmass which in places 
consists partly of quartz. Flow textures are strongly developed, and 
spherulites and devitrified glass occur in some slides. 

Sediments.— Sediments occur on the northeastern part of Rocher 
Rouge Island, the southeastern part of Achook Island, the south- 
western part of Cornwall Island, the central part of Stevens Island, 
and on Watt Cape. In all these localities they are intruded by phases 
of the granite-porphyry. Their strike in each place is indicated on 


’ A. Harker, Petrology for Students (6th ed.), pp. 100-112 
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the map by the direction of the parallel lines which form their 
symbol. 

Conglomerates, grits, and banded rocks of fine texture are th 
three main types. The conglomerates are generally brown in color, 
and are formed mainly of light-colored pebbles and boulders of 
porphyry, some of which have the same composition and appearance 
as some of the quartz-porphyries. The pebbles are rounded, but the 
percentage of soft rocks and the angularity of the particles of the 
gritty matrix indicates that the wear has not been great. The con 
glomerates grade into dark-gray, coarse grits, consisting largely of 
small rock fragments, feldspar crystals, and a few quartz grains. In 
thin section, these grits show a remarkable resemblance to the 
quartz-porphyries and appear to have been derived from them. 
Most of the quartz grains are angular, and a few show embayments. 
Plagioclase of a composition of oligoclase-andesine may be recog 
nized; and altered biotite and hornblende, together with an odd 
spherulite fragment, appear. As with the conglomerates, the wear 
has been slight. The banded rocks are associated with the coarser 
clastics. They are dark gray in color and of an argillaceous appear 
ance. Some may be determined definitely as water-laid tuffs. 


LINDSLEY BAY GRANITE-PORPHYRY 

The Lindsley Bay granite-porphyry is a formation lying on the 
shores of the mainland and on some of the islands of Lindsley Bay. 
Though its geological relationships were found to be simple enough, 
several complicating factors prevented their easy determination. In 
shape it is long and narrow, its longer dimension extending north and 
south. On its eastern side, the porphyry is intruded by a large body 
of granite which it closely resembles in many places along the con 
tact. On its western margin it is intrusive chiefly into andesites, to 
which, fer some distance from the contact, it has a similar appear 
ance. Partly because of this and partly because of a peculiar inti 
macy of the intrusive habit of the granite porphyry, the contact is 
difficult to find and the two rocks give the appearance of merging 
Furthermore, there are in the district many dikes of granite-porphyry 
and granophyre which are quite irregular in strike and form, and 
which also have similar contacts. ‘These dikes appear and disappear 


in a most confusing manner 
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These several characteristics led the writer to suspect, on first 
acquaintance, that the granite-porphyry and dikes were a formation, 
probably of migmatitic origin, transitional from the granite to the 
older volcanics and sediments. Such rocks marginal to granite intru- 
sives are common in the Canadian pre-Cambrian. Under this hypoth- 
esis, the dikes could be explained as easily replaceable parts of the 
older rocks which had been granitized by the action of intrusives 
lying somewhere below the surface, thus accounting for their ir- 
regularities. 

This hypothesis, however, did not stand testing fully, and the 
formation was found to be a large intrusive mass with the texture 
of a hypabyssal rock, apparently related to a granite massive which 
lies adjacent to it and which is intrusive into it. There are two or 
three separate, much smaller masses which have a composition simi- 
lar to the granite-porphyry and which, with the dikes, may be 
apophyses of it. 

Occurrence.—The Lindsley Bay granite-porphyry extends about 
17 miles north of Smat and about 1 mile south, and has, over that 
distance, an average width of 4 miles, its total area being approxi- 
mately 70 square miles. On its western side it is intrusive into the 
volcanics and sediments, mostly into the andesites, and over the 
ereater part of its eastern side is itself intruded by the Lindsley Bay 
granite mass. The boundaries were not traced in all places; but the 
gaps are small enough, except in two localities on its eastern side, to 
eliminate much necessity for speculation regarding their location. 

General description. 'Vhe granite-porphyry is a resistant rock, 
commonly occurring in prominent outcrops. Throughout its extent 
it forms a series of rugged hills, some of which have an altitude of 
600 feet above the lake level. As a rule the tops and sides of these 
hills are free from drift and exposures are good, especially on the 
peninsula south of Domex Bay, where many square miles are almost 
entirely bare rock. This locality is shown in Figure 6. 

Though the granite-porphyry,occurs in a number of textural and 
color phases, one type is widespread enough to characterize the mass 
This is a reddish-brown porphyry with phenocrysts of quartz, feld 
spar and platy ferromagnesian minerals. ‘The quartz phenocrysts are 
few and small, giving it more the appearance of a syenite-porphyry 
than a granite-porphyry. The feldspars are 2-3 mm. in diameter and 
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are inconspicuous on fresh surfaces, having about the same color as 
the groundmass, which is fine-grained, its crystalline character only 





Fic. 7.—Typical hillside exposure of the granite-porphyry near Smat, showing 


jointing 

being discerned by the glint of tiny crystals. The groundmass weath- 
ers to brick red, the feldspar phenocrysts to white, and the ferro- 
magnesian minerals weather out, leaving a pitted surface. 
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The rock has two sets of joints, one of which is strongly developed ; 
the other is much less apparent and intersects the main set at about 
right angles. Where hillsides parallel the main set of joints and 
where these are intersected by sheeting planes, a very characteristic 
stairlike effect is produced, as seen in Figure 7. The distance apart 
cf the vertical joints increases with the coarseness of grain in the 
rock. Near the western margins of the mass where the grain is fine 
the spacing is from 3 to 6 inches. This increases in amount up to 3 or 
, feet in the coarser-grained porphyry. The appearance of the joint- 
ing in the granite-porphyry 
and the granite, especially in 
the stairlike structures on 
hillsides, is remarkably sim- 
ilar except for the greater 
coarseness of the jointing in 
the granite. 

The intrusive contact 
phase seen generally on the 


or 


t 


western side of the mass 

commonly a chocolate- 
brown rock of flinty appear- 
ance. Microscopically, it is 





a porphyry with a few tiny 
shattered phenocrysts of Fic. 8.—Fine-grained granite-porphyry. X 36 
quartz, feldspar, and chloritized ferromagnesian minerals in a fluid- 
il groundmass. This flinty rock is confined mainly to the contact, 
and at a short distance inward the porphyritic character may 
be distinguished by the unaided eye. Thin sections show pheno- 
crysts of orthoclase, plagioclase (Ab,,An,.)—both generally altered, 
a few crystals of corroded quartz, and a few altered ferromagnesian 
minerals, among which biotite can be recognized as having once been 
present. Apatite and zircon are accessory. The groundmass is cryp- 
tocrystalline with a few coarser streaks in which quartz and ortho- 
clase may be determined. Fluidal texture is marked. This type is 
shown in Figure 8. 

A medium-textured rock is probably the one most typical of the 
granite- porphyry. Its megascopic appearance has already been de- 











510 CHRISTOPHER RILEY 

































scribed. Microscopically determined the composition is as given in 
Table I. This rock thus falls into Family 226 (granite family) of the 
Johannsen classification. The chief difference between this and the 


TABLE I 

ss a o7 

Phenocrysts 40% 
Plagioclase 20% 
Orthoclase 10% 
Quartz 5% 
Ferromagnesian minerals 5% 

Groundmass 60% 
Orthoclase ss% 
Quartz 15% 


100% 


fine phase is that the groundmass shows microgranular texture, the 
individual grains having an average diameter of .o1 mm. Figure 9 
shows a photomicrograph of 
this rock. 

In many localities the por- 
phyry shows, at a consider 
able distance from the con 
tact with the older rocks, a 
comparatively coarse grain 
which appears more granu 
lar than porphyritic. It is 
light gray in color, spotted 
with black biotite and au 
gite crystals. Its composi 
tion is given in Table II. The 





groundmass is microgranular 


Fic. g.—Medium-grained grarite-porphyry 


in texture with an average 
Nicols crossed; X 27 . fe Fi 

grain size of .o3 mm. Quartz 
and feldspar phenocrysts generally show a secondary enlargement 
due to a growth of orthoclase or plagioclase around the rims. ‘The 
feldspars are mostly altered, though they are fresh enough to permit 
them to be distinguished and to allow the determination of the pla 


gioclase. The biotite is generally unaltered and brown in color, ap 












































pearing both as large crystals and in bundles of small ones asso- 
ciated with small green-brown hornblendes and larger magnetites. 
\ugite, clear with a greenish tint, occurs in large crystals, usually 


TABLE II 

Phenocrysts 50% 
Plagioclase (Ab,An,) 20% 
Orthoclase 10% 
Biotite 10% 
Augite 6° 
Quartz 4% 

Groundmass 50% 
Orthoclase 38% 
Quartz! 127; 
i 100°% 


partly uralitized. This rock is shown in Figure 10. The difference 
between this and the finer phases lies in the granularity, the second- 


ary enlargement of the phe- 
nocrysts, the presence of au- 
vite, the greater freshness of 
the biotite, and the lack of 
flow texture. It has a specif- 
ic gravity of 2.67, which is 
higher than that of the finer 
phases (2.63) and close to 
that (2.66) of the light-gray 
phase of the intruding gran- 
ite. 

This phase shows clearly 
the effects of some post-in 
trusive action which appears 
to have been instrumental 
in producing the predomi 


nating red color of the granite-porphyry. Actually, the light-gray 
rock forms but a small proportion of the formation, occurring only 
as small areas in red porphyry of the same texture. Furthermore, the 
areas of gray porphyry are traversed by numerous red bands. Thin 


THE GRANITE-PORPHYRIES OF GREAT BEAR LAKE | 511 


sections from one of these throw some light on the cause of this color 








Fic. 10.—Coarse phase of the granite-po1 


phyry. Crossed nicols; X 27 
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change. This band is about 4 cm. wide, and in its center there is a 
microscopic veinlet of chloritic material, on either side of which the 
rock is stained red for about 2 cm. This color fades out as if some 
solution had penetrated the rock on either side of the veinlet. Within 
the band, the biotite and augite are chloritized and in part altered to 
a red hematite dust, as indicated by a halo of this mineral about the 
altered ferromagnesians. Just outside the red band the biotite and 
augite are unaltered. This banding suggests that the greater part of 
the granite-porphyry having this red color has been permeated by 
oxidizing solutions which have advanced through microscopic and 
larger fissures and have produced the color, mainly by the alteration 
of the ferromagnesian minerals and by disseminating hematite dust 

a part of the alteration products, throughout the groundmass. 

The several textural phases just described are undoubtedly part 
of the same intrusion. A variant type, however, occurs just north of 
Failes Lake, different enough in appearance to suggest that it be 
longs to a slightly different period of intrusion. This is a red-brow: 
felsite, consisting almost entirely of a light-colored groundmass of 
aphanitic texture in which are scattered altered feldspar phenocryst 
of irregular outline. The rock weathers a light brick-red, spotted 
white where the feldspar phenocrysts kaolinize. Microscopically, the 
groundmass is seen to consist of quartz in crystals, without sharpness 
of outline, of a diameter of 1 mm. and another mineral which is 
probably orthoclase. Two sections, cut from specimens taken clos 
to the granite contact, show a microgranular groundmass consisting 
of quartz and orthoclase crystals of about .o1 mm. in diameter. 

Exposures of this felsite were traced northward from Failes Lak« 
for about 3 miles and over a width of { mile. The felsite lies adjacent 
to the granite on its eastern side, and on its western merges into the 
ordinary granite-porphyry. This merging occurs within a distanc« 
of about 1 foot, but careful search revealed no sharp contact. The 
only evidence suggesting a later age than that of the ordinary gran 
ite-porphyry was a section made from that rock taken within 1 foot 
of the felsite. In this the granite-porphyry showed a micropegmatit 
ic groundmass. Such texture has been found elsewhere only on the 
granite contacts, and it suggests here that the felsite may be intru 
sive into the granite-porphyry and that it has caused some recrystal 


lization with the production of this texture 
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The granite-por phyry—granite contact.—The contact of the granite- 
porphyry with the granite is sharp, though its distinctness depends 
partly on the character of the porphyry in the immediate vicinity, 
since the coarse type, when metamorphosed, resembles the granite 
more closely than the fine phase does. The contact is fairly regular 
and, except in a few places, may be traced without difficulty. No 
dikes leading out of the granite were found, though there are tiny 
stringers of it in the felsite porphyry north of Failes Lake. Xenoliths 
of the granite-porphyry are numerous in the granite up to a distance 
of 300 yards from the contact. 

lhe thermal metamorphic effects of a granite intrusion on an acid 
rock are not great, according to Harker,’ being limited largely to the 
recrystallization of the quartz and feldspar with the development of 
micrographic textures. Hornblende is characteristically replaced by 
biotite in an aggregate of flakes, making a pseudomorph. In the 
higher grades of metamorphism, hornblende and biotite are changed 
to granular augite, accompanied, in the case of the biotite, by 
much finely divided magnetite. In the case of the Shap granite 
Harker'® found microcrystalline textures developed in the ground- 
mass of a rhyolite for distances up to 600 yards from the contact. 

arr" describes similar effects in a rhyolite intruded by a granite 
in southeastern Missouri. Recrystallization, accompanied by the 
formation of micrographic textures, occurs at distances varying from 
| foot up to 50 feet from the contact. 

lhe metamorphic effects of the granite intrusion on the Lindsley 
Bay granite-porphyry are not very different from those described 
above. In one locality east of Smat light-gray, coarse-grained por 
phyry of normal type outcrops 75 feet from the granite. At 60 feet 


t is completely changed in appearance to a light-pink, even-textured 
rock with the appearance of a fine-grained granite. Thin sections 
show that the quartz and feldspar phenocrysts have completely dis 
appeared through recrystallization, and that about 50 per cent of the 
quartz and feldspar is now combined.in micrographic texture. Ortho 


Wetamor phism (ist ed.), p. 111 
rhe Shap Granite and Associated Igneous and Metamorphic Rocks,” Quart 
ir. Geol. Sor Vol XLVII (1891), p 304 


W. A. Tarr, “Intrusive Relationship of the Granite to the Rhyolite (Porphyry) of 


sutheastern Missouri,”’ Geol. Soc. Amer. Bull. 43 (1932), pp. 965-92 
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clase forms the greater part of the feldspar. Plagioclase (Ab, An 
occurs in individual crystals only. Chloritized biotite is present; 
but the only traces of other ferromagnesian minerals are patches 
of chlorite, epidote, and magnetite. A few anhedral grains of fluorite 
occur interstitially. Approaching the contact the grain of the por- 
phyry becomes coarser; and at a distance of 10 feet a few large 
phenocrysts of orthoclase appear, apparently also developed through 
recrystallization. The increase in grain size continues up to the 
granite, which here shows 
chilling effects and is there 
fore scarcely distinguishab| 
from the granite-porphyry. 
The contacts of the finer 
phases of the porphyry with 
the granite are easier to re¢ 
ognize because the porphy 
ry, though recrystallized, re 
mains much finer in grain 
than the granite. Six thin 
sections made from speci 
mens taken at or near th 





contact and from xenolith 

Fic. 11.—Contact of recrystallized fine- show an average diameter of 

entices ath Rguaia and the granite. + mm. of the recrystallized 

quartz and feldspar grains. 
None show micrographic texture. In some xenoliths hornblend 
crystals remain unaltered, though in all cases the biotite has been 
chloritized. Figures 11 and 12 are photomicrographs of the recrys 
tallized fine-grained phase. 

The granite-porphyry intrusive contact.—It has already been stated 
that the contact of the granite-porphyry with the rocks it intrudes is 
quite obscure and may be traced only with difficulty. This is parti: 
ularly the case with the andesites near Smat, which appear to have 
been shattered at the time of the intrusion. Here the contact is most 
irregular, forming a zone from 5 to so feet wide over which the 
granite-porphyry penetrates the andesite in irregular tongues, even 
appearing as small, isolated masses within it. Where the intruded 
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rock has the same color as the granite porphyry, the contacts are 
especially hard to locate. In some localities, several hundred yards 
or less from the granite-porphyry, are stringers of a red, felsitic 
material on either side of which the felsite penetrates the andesite in 
a very intimate way, so that a zone of 2—4 inches in width is formed 
of part andesite and part felsite. Figure 13 is a photograph of a 
polished specimen which illustrates the condition to some degree. 
Though none was traced back to the porphyry, their composition 
suggests that they are off- 
shoots from it, possibly of a 
magma of great mobility in- 
jected into narrow shatter 
ZONES. 

At Watt Cape the granite- 
porphyry is intrusive into 
tufls of varying composition 
and texture. The contact 
here varies with the type of 
rock intruded. Some of the 
beds were mashed at the 
time of the intrusion, so that 





there are many small string- 
ers, short, irregular dikes, Fic. 12.—Recrystallized fine-grained phase 


: . of the granite-porphyry from xenolith. Nicols 
and isolated masses of the es 


crossed; x 27 


porphyry in the broken tuffs. 
On the other hand, some of the beds are very fine-grained and mas- 
sive, and there the contact is so distinct and sharp that it is nearly 
impossible to take a specimen of both types without it breaking along 
the contact. Where the porphyry is intrusive into beds of coarse, 
arkosic tuffs, there appears to have been an actual seepage of the 
magma among the tuff grains, for small, isolated schlieren of the 
porphyry occur within the tuffs for distances up to 1 foot from the 
porphyry. There is no actual line of.contact as with the andesites, 
but rather a merging over a distance of 2 or 3 inches, and beyond this 
there are schlieren for about 1 foot. 

Just south of the east end of Domex Bay, where the porphyry 


intrudes a dark, fine-grained, acid flow, there is also a merging con- 












516 CHRISTOPHER RILEY 





tact. While the porphyry is fine-grained near the contact, there is a 
blending of the two over the distance of 1 or 2 feet without the actual 
penetration by the porphyry as in the case of the coarse tuffs. The 
appearance given is that of an actual assimilation of the invaded 
rock over a short distance and its recrystallization as fine-grained 






















porphyry. 

The form and origin of the granite porphyry.—There is little evi 
dence by which the precise form of the Lindsley Bay granite-porphyry 
can be determined. It has an area of about 70 square miles, in places 





Fic. 13.—Felsite (light-colored) in intimate penetration of andesite. X 2 


is over 4 miles wide, and has an exposed thickness of more than 
400 feet; yet throughout its extent it has the texture of a hypabyssal 
rock. It presents the further peculiarity of an intrusive western 
margin and an intruded eastern margin. In view of the fact that the 
largest bodies of rock of hypabyssal character described are lacco 
liths, this mass might be given that name; but it shows none of the 
structural features of a laccolith and has an area greater than that 
usually assigned to them. A larger body of basic rock has been given 
this name by Schwartz, who, speaking of what he calls the ‘‘Quizzy 
hota laccolite,” says: 

All the dolerites of the Karoo—the sills and dikes of the main portion and the 
laccolites on the east—belong to one and the same system, they together form 
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one immense laccolite of the type known as the “Cedar Tree’’ laccolite.... . 
The Karoo laccolite is some 700 miles long and at least 200 miles broad.” 
In this rock, however, the textures are mostly of plutonic character. 

A closer parallel to the Lindsley Bay porphyry is the Buttermere 
and Ennerdale granophyre which has an area of about 40 square 
miles and which Rastall'’ concludes was formed under conditions 
intermediate between plutonic and hypabyssal and may be a lacco- 
lith of the “Cedar Tree” type, having been formed by several 
different intrusions. In the case of the Lindsley Bay mass, however, 
there is so little evidence that probably the most accurate definition 
that could at present be made of it would be that it is of batholithic 
form and of hypabyssal texture. 

In origin the porphyry seems to be closely related to the Lindsley 
Bay granite mass which flanks it on the east. Its main mineralogical 
difference from the granite is the presence of augite, which is, how- 
ever, according to Harker,'‘ a normal variation, as that mineral 
occurs more frequently in the granite-porphyries than in the granites. 
It seems probable, therefore, that it is an earlier, more shallow 
manifestation of the intrusion of the granite. It is well known that 
granite masses show microgranitic, granophyric, felsitic, porphyritic, 
rhyolitic, and even spherulitic phases on their margins."® Cases have 
also been cited of intrusions of hypabyssal character related to gran- 
ite and formed in close proximity to it. Lawson" describes felsite 
bodies from the Lake of the Woods district which are concentrically 
arranged around a granite mass and are probably related to it. 
Schofield and Hanson" find that the Premier quartz-porphyry sills 
have a similar composition to that of the Coast Range batholith. 
These sills may represent the first stage of the intrusion of the 
batholith which was formed during mountain-building movements, 


E. H. L. Schwarz, ‘The Quizzyhota Laccolite,” Jour. Geol., Vol. XXI (1913), p. 81 
13 R. H. Rastall, ““The Buttermere and Ennerdale Granophyre,” Quart. Jour. Geol 
, Vol. LXITI (1906), p. 253 

' Petrology for Students (6th ed.), p. 102 
‘s J. J. H. Teall, A British Petrography, pp. 332, 334; also Harker, Mem. Geol. Sur: 
#., Explanation of Sheet 70 (1904), p. 32 
© A. Lawson, Can. Geol. Surv. Ann. Rept., Vol. 111, Part I (1887-88), p. 145F. 


17 Schofield and Hanson, Can. Geol. Surv. Mem. 1 32 (1922). 
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as they themselves are involved in the folding. Drysdale'® found in 
Ymir, B.C., a granite-porphyry intruded by the younger Nelson 
granite. The formation of the porphyry probably represented th¢ 
commencement of the Jurassic revolution of the region during which 
the Nelson batholith was intruded. 

As at Ymir, the granite-porphyry at Lindsley Bay appears to have 
been the first manifestation of the intrusion of the granite. The con 
clusion that there is a close relationship is strengthened by thi 
occurrence on the hills just south of Domex Bay of two, long, narrow 
dikes of granite-porphyry very similar in appearance and composi 
tion to the Lindsley Bay porphyry, cutting both that rock and th« 
granite. This suggests that there were later phases of the granite 
intrusion similar to the preliminary ones. 

Structural features.—As in other pre-Cambrian areas, the structurs 
of the Great Bear Lake area is difficult to elucidate, and any evidence 
which may prove of value in its solution is worthy of note. In the 
Lindsley Bay area, the present definition of the granite-porphyry 
is suggestive of the occurrence of a series of great east-west faults. 
This is indicated by the offsetting of this formation in three locali 
ties, in each of which there is a large valley. 

One mile south of Smat there is an east-west valley 300~—400 feet 
wide, with hills on either side about the same distance high. The 
north side of this valley consists of granite-porphyry for a distanc 
of about 1 mile inland from the shore of Great Bear Lake. The south 
side consists of andesite-porphyry for nearly the same distance be 
fore the granite-porphyry appears. This offsetting suggests that the 
north side has been downfaulted, or that the south side has been 
thrust eastward. 

Four miles northward, on Failes Lake, the granite-porphyry con 
tact with the granite has been offset for about 14 miles, so that the 
north shore of the lake is over one-half granite-porphyry and the 
south shore chiefly granite. Two miles westward in Failes Bay and 
in the same valley an island composed of older formations lies just 
north of the granite porphyry of the northeastern part of Vance 
Peninsula. In this locality, however, there is evidence of another 


*®8C. W. Drysdale, Can. Geol. Surv. Mem. 94 (1917), p. 33 
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fault, probably later, with a northeast strike and accompanied by 
much shearing and the injection of a large quartz vein. 

About 1 mile north of Watt Cape, two small islands lie close 
together. The more southerly of these consists of the older forma- 
tions; the other, just to the north, of granite-porphyry. It is signifi- 

ant that these two islands lie 1 mile west of a deep, narrow inlet 
xtending eastward into the eastern shores of Lindsley Bay. 

Apophyses of the granite-porphyry.—There are other intrusive 
masses not connected with the main body of the Lindsley Bay 
porphyry which are probably closely related to it, as they have a 
similar composition and are intrusive into the same rocks. One of 
these, a felsite-porphyry body of irregular shape, occupies about 

square mile on the central part of Achook Island, where it is 
intrusive into sediments and volcanics. This rock closely resembles 
the felsite-porphyry north of Failes Lake, i.e., it is a red felsitic rock 
with a few phenocrysts of greenish-gray feldspars in a flinty ground- 
mass. Microscopically, it has a cryptocrystalline groundmass in 
which there are irregular areas of micrographic texture so fine as to 
be almost submicroscopic. There are a few remnants of altered fer- 
romagnesian minerals, but the feldspar phenocrysts are fresh enough 
to determine both oligoclase-andesine and orthoclase. Near the 
southern boundary of the mass, the rock tends to become andesitic, 
for its groundmass consists mainly ef microlites of plagioclase, with 
the other constituents remaining as before. 

The contact of this rock with the sediments is sharp and presents 
no unusual features. At the south side of the island, however, where 
it is intrusive into acid volcanics, the contact is of an intricate char- 
acter, so that the rocks appear to merge. Thin sections show that the 
intruded rock has been minutely fractured and that the intrusive 
penetrates all the minute fissures so formed and also constitutes the 
cementing material of a microscopic breccia, giving a very intimate 
contact. 

A similar type of rock forms the northern half of the eastern part 
of Rocher Rouge Island and is here intrusive into sediments. There 


is also a red felsite containing a few large quartz phenocrysts on the 
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southern part of Cornwall Island, forming a mass about 4 mile 
square. Throughout its extent it is intrusive into conglomerates and 
grits, with which it forms sharp contact. 


GRANITE-PORPHYRY AND GRANOPHYRE DIKES 

Dikes of granitic composition are numerous in the Great Bear 
Lake pre-Cambrian, particularly east and southeast of the granite- 
porphyry of Lindsley Bay. In view of the fact that they are similar 
in composition to that rock, cut about the same formations, and 
show like contact phenomena, it is probable that they belong to the 
same intrusive period. 

The most notable characteristics of these dikes are their lack of 
definition and their irregularity along the strike. Most of those ex- 
amined have a contact difficult to locate because of the blending of 
the dike rock with the intruded formation, where the effects are 
similar to those described on the Lindsley Bay granite-porphyry 
contacts. Where the dike margin is found, it is seen to be chilled, 
and from this fine-grained edge there is a progressive increase in 
grain size to the center of the dike. Some of the dikes are differen 
tiated so that the margins are more basic than the center. As noted 
above, the dikes are irregular. They pinch and swell, disappear and 
reappear, and in places are offset, which, combined with their blend- 
ing with the intruded rocks, makes their tracing a slow process. The 
longest distance over which one of these was traced was 4 mile; but 
in the district about 2 miles southeast of Domex Bay, where the 
dikes are numerous, their irregularity is so great that very few can 
be traced much over 75 yards. 

A typical differentiated dike from the area has a width of 16 feet, 
with margins of dark-gray andesitic rock grading to a center of 
coarse-grained, light-gray rock with large feldspar phenocrysts. Thin 
sections from the center show phenocrysts of orthoclase, plagioclase, 
brown biotite, green-brown hornblende, and apatite in a grano- 
phyric groundmass. 

Granophyric and granite-porphyry dikes are numerous in the 
Camsell River district about 40 miles south of Smat. Here they have 
a general northeasterly trend. In addition there are also small intru- 
sive masses of very irregular form with a granitic composition. 
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GRANITE 

Granite is widely distributed over the pre-Cambrian areas east of 
McTavish Arm, and there are two main occurrences in the Lindsley 
Bay area. One of these forms Hogarth, Workman, and a number of 
smaller islands, and outcrops on the western sides of Vance Penin- 
sula and Achook and Stevens Islands. The other, already referred 
to as the Lindsley Bay granite, is a mass of about 125 square miles 
in area, the northwestern part of which is intrusive into the granite- 
porphyry on its eastern side. There are two or three small bodies of 
granite intrusive into the porphyry northward from Gilleran Lake 
to Rogers Lake. 

The granite resembles the granite-porphyry in field appearance 
except for a greater coarseness of texture and of jcinting, which is 


TABLE III 
Quartz 27% 
Microperthite and orthoclase 38% 
Oligoclase 28% 
Dark minerals, mainly biotite 7% 


characteristically expressed on cliffs and hillsides, giving the appear- 
ance of great stairs. The rise of each step is from 6 to 14 feet, repre- 
senting the sheeting; and the width of the tread, from 3 to 8 feet. 
As in the granite-porphyries, the coarseness of the jointing appears 
to be in direct ratio to the coarseness of grain of the rock. 

A few sections of granite both within and without the Lindsley 
Bay area were examined. All show a similarity of mineralogical 
composition. Near Smat the granite assumes a number of textural 
phases and two main color phases—a deep pink and a light gray. 
The average composition of five slides is given in Table III. 

The greater part of the alkali feldspar is microperthite, which 
occurs in large crystals, somewhat. clouded by kaolin and a little 
sericite. The plagioclase is invariably much more altered, but some 
is fresh enough to determine as oligoclase. In the pink phase of the 
granite the plagioclase is red and the alkali feldspar gray. Biotite 
and hornblende occur, often in bundles of aggregated crystals. These 
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minerals are rarely fresh in the pink granite, being altered to chlorite 


and to lesser amounts of magnetite and hematite. In the light-gray 
granite they are mostly unaltered. 

Granite specimens from one locality on Hogarth Island showed, 
in two slides, the composition given in Table IV. Two slides from 


TABLE IV 


Quartz 34% 
Microperthite 37% 
Oligoclase 24% 
Biotite 5% 

100% 


specimens taken a mile south of Echo Bay have the compositio: 
shown in Table V. Specimens from both localities show a greate! 
alteration in the plagioclase than in the alkali feldspar, and also the 
same contrasting colors are found in these minerals as at Smat 
Microcline is absent from all slides examined, and apatite is the only 


accessory noted. 


rABLE V 
Quartz 35% 
Microperthite and orthoclase 10"; 
Oligoclase 20%; 
Biotite and hornblende 5% 


The greater alteration of the plagioclase than the microperthit« 
and orthoclase is noted in Bell’s report” of his trip in 1899, wher 
granite from two widely separated districts showed the plagioclase 
altered to a greater degree than the orthoclase. This alteration ap 
pears to have occurred early in the period of rock formation, as 
indicated in specimens from Hogarth Island, where altered plagio 
clase crystals are enclosed within unaltered microperthite. 

Alteration processes——A notable feature of both granite and 
granite-porphyry is the coloration effect produced by the alteration 
of the ferromagnesian minerals. Both rocks show light-gray phases 


9 Op. cit., pp. 31-32 
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of limited distribution, which grade into the more common red 
phases. In the gray rocks the dark minerals are fresh; in the pink 
and red types they are altered; and hematite particles, part of the 
alteration products, have been spread through the groundmass of 
the granite-porphyry and into the altered plagioclase of the granite, 
producing, in the latter rock, red plagioclase in contrast with the 
gray alkali feldspars. In some granite slides microfracturing occurs; 
and the microbreccias thus formed are colored red, as are the mar- 
gins of fractures in large microperthite crystals, suggesting that this 
alteration was a post-crystallization process in contrast to the plagio- 
clase alteration which occurred before the full formation of the 
orthoclase and microperthite. 

A condition somewhat analogous to the alteration of the ferro- 
magnesian minerals here has been discussed by Singewald.” He de- 
cribes quartz-monzonite—porphyry and monzonite-diorite—porphy- 
ry in which all the minerals have been considerably altered, and 
concludes that the alteration was an end-phase of the intrusive cycle 
of each porphyry and that the agents causing it were contained in 
each intruding magma. 
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SILICIFICATION OF SHALE IN THE MOGUL MINE' 
G. M. SCHWARTZ 
University of Minnesota 
ABSTRACT 


In the pit of the Mogul mine in the Black Hills of South Dakota silicification has 
been so intense that shale, as well as dolomite, has been greatly changed. Petrographi 
studies and chemical analyses show that in the shale potash and alumina have been re 
placed by silica. 


INTRODUCTION 

In his classic paper on replacement ore bodies, Irving? described in 
some detail the replacement of dolomite by silica in the gold deposits 
which occur in the Deadwood formation of the Black Hills of South 
Dakota. The intensity of silicification in some of these deposits is 
truly remarkable, and this is shown particularly well in a series of 
open cuts that belong to the Mogul group of mines near Terry Peak. 
Here not only are the dolomite and sandstone silicified, but the inter 
bedded shale is changed to a flintlike rock, which appears to be main- 
ly silica. Inasmuch as shale normally escapes conspicuous change in 
mineralization, it was thought worth while to study the occurrence 
in detail, especially to determine to what extent the shale had been 
replaced, or whether the silica had merely filled the minute pores of 
the shale. It is doubtful if this particular pit was available when 
Irving’s studies were made, as he did not, to the writer’s knowledge, 
mention the silicification of shale but did state the fact that the shale 
normally escaped conspicuous alteration. 

LOCATION 

The open pit in which the silicified shale is best exposed is part of 
the Mogul mine workings, and lies adjacent to the Burlington Rail- 
road track opposite the former site of the Mogul mill. This is near 
the head of Nevada Gulch on the northeast slope of Terry Peak, and 
is about 3 mile southeast of ‘Trojan station on the railroad. The loca 

* The rock analyses for this paper were made possible by a grant from the research 
funds of the Graduate School of the University of Minnesota. 


2 J. D. Irving, ‘Replacement Ore Bodies and the Criteria for Their Recognition,” 
Econ. Geol., Vol. VI (1911), pp. 527-61, 619-69 
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tion is in the heart of the Bald Mountain district, which has been the 

largest producer of gold from the Deadwood (Cambrian) formation 

in the Black Hills. The points referred to are all well shown on the 

maps in Folio 201, of the United States Geological Survey. 
GEOLOGIC SETTING 

The gold deposits of the Deadwood formation have been de- 
scribed in detail so often that it is necessary to give only a brief sum- 
mary here of the occurrence of the silicified shale. 

As noted above, the Mogul mine was located in the midst of one of 
the most intensely mineralized areas of the Black Hills. The Dead- 
wood formation consists of interbedded sandstone, shale, dolomite, 
and glauconite beds. In the mineralized areas it has been intruded 
by an extensive series of porphyries ranging from rhyolite to the al- 
kalic types such as grorudite and phonolite. A series of fractures, 
locally known as “verticals,” cuts the Cambrian beds. The mineral- 
izing solutions entered along these fractures and altered the beds, 
particularly the carbonate rocks where the solutiofs were impounded 
beneath thick shales. The varied forms assumed by these mineral- 
ized zones have been described by Irving in the papers cited. Nor- 
mally, the dolomite beds are completely silicified near the fractures 
and the shale beds are practically unaffected, as was emphasized by 
Irving. In the Deadwood zinc and lead mine thin unreplaced shale 
beds may be observed between thicker beds, originally dolomite but 
now sulphides and silica. 

The silicification in the Mogul mine is particularly intense even 
for these deposits which are classic examples of silicification. The 
fractures are strong, and there is much local folding and faulting. 
The general dip is from 10° to 20° to the north (Fig. 1). Asa result of 
oxidation, red and yellow colors are predominant and diffusion band- 
ing is locally well developed (Fig. 2). Beds which have been replaced 
include dolomite, shaly dolomite, sandstone, glauconite, and shale. 
Many fracture surfaces and vugs are ¢oated with opal or chalcedony. 
Some of the less weathered phases show minute fluorite crystals. 

3 Irving, “‘Economic Resources of the Northern Black Hills,” U.S. Geol. Surv. Prof 
Paper 26 (1904); J. P. Connolly, ‘Tertiary Mineralization of the Northern Black Hills,” 


S.D. School of Mines Bull. 15 (1927); N. H. Darton and Sidney Paige, “Central Black 
Hills, South Dakota,” U.S. Geol. Surv. Folio 219 (1925). 
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The silicification of the shale is not so uniform as that of the dolo 
mite beds. Where the beds are thick they may be only slightly silici 





FIG. 1 Folds in silicified Deadwood formation. Burlington Railroad cut at site 
of Mogul mill 





hic. 2..-Diffusion bands in oxidized silicified shale. Floor of Mogul pit 


fied, even where the adjacent dolomite is completely changed. ‘Thin 
beds of shale between thicker silicified dolomite beds give the best ex 
amples of silicification. The sandy beds have been converted to 
quartzite. 




















SILICIFICATION OF SHALE IN THE MOGUL MINE 


It is noteworthy that the silicified shale is generally light-gray to 
almost white, not far different in color from the unaltered shale, 
(his contrasts with the other beds that are highly colored where oxi- 
dized, and indicates that little pyrite was introduced into the shale. 


DETAILED DESCRIPTION 

Specimens of various types of silicified rock of the Deadwood for- 
mation were collected from the Mogul pit and adjacent exposures. 
\ll varieties of silicified shale were particularly selected and thin 
sections obtained of five different specimens of the silicified shale, 
including one specimen analyzed. 

The analyzed silicified shale is light gray in color with obvious 
thin-bedding of shale. It has the appearance of unglazed porcelain 
and breaks with a splintery or conchoidal fracture. The thin section 

hows the rock to be composed principally of silica in the form of 
quartz, chalcedony, and opal, with considerable kaolin or similar 
dusty material. A few blades of sericite are visible. A few grains of 
feldspar and muscovite occur, with the coarser quartz grains con- 
stituting sandy beds in the shale. Much of the introduced silica re- 
mains as material of low index, probably varying from opal to chal 
cedony. Some of the silicified shale beds have been brecciated; and 
openings between fragments have, in many cases, been partially or 
completely filled with chalcedony and opal. In some the final de- 
posit now consists of radiating sheafs of chalcedonic quartz. Where 
the character of the rocks has permitted free replacement, the quartz 
is fine grained with rather irregular elongate grains, probably a chal 
cedonic structure. In the fillings of vugs in this type of material opal 
and chalcedony clearly alternate and remain today as concentric 
rings. 

A few examples of unoxidized or ‘blue ore” from the pit show 
mall fluorite crystals in the aggregates, suggesting the filling of open 
paces. 

CHEMICAL DATA 

['wo examples were carefully selected for analysis to determine the 
extent of addition of silica, and particularly to indicate the amount 
of replacement involved in the pronounced silicification (Table I). 
lhe normal unsilicified shale came from the west side of the pit 
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directly opposite and about 50 feet from the point from which the 
silicified sample was secured. The unaltered shale is a gray, soft, 
thin-bedded shale. The fragments used for a 1-pound sample were 
easily scraped out with a pick point. 

The silicified shale came from a large block that had fallen from 
the east wall of the pit. It was gray and showed very thin beds. The 
structure leaves no doubt that it was originally shale. It is now a 
light-gray, exceedingly hard, flintlike material that breaks with 
sharp edges. 

TABLE I 


ANALYSES OF SHALE 


PERCENTAGE GM. IN 100 Cc. oF Rock 


PERCENT 

4 X100 AGE OF 
CHANGE 

I 2 I 

SiO, 67.23 81.36 82 169.68 204.77 +19.6 
Al,O;. . 16.10 9.20 175 40.63 23.11 —43.5 
Fe,0, 2.33 0.51 457 5.87 1.26 —78.5 
FeO 0°. 36 0.18 200 0.90 0.45 -50.0 
MgO 0.74 0.29 252 1.85 0.72 —75.8 
CaO 0.13 0.06 210 ©.32 0.15 -52.0 
Na.O 0.19 O.1I 173 0.47 0.27 —42.5 
K,.0 9.84 6.65 148 24.83 16.73 — 33.2 
H,0+ 1.78 0.94 190 4.40 2.33 —48.0 
H,O—- 0.56 0.33 170 1.43 o. 82 42.6 
TiO 0.60 0.43 140 1.50 1.06 —29.3 

1. Unaltered shale from Mogul pit. Sp. g., 2.613. Porosity, 3.4 per cent. R. B. Ellestad analyst 

2. Silicified shale from Mogul pit. Sp. g., 2.553. Porosity, 1.4 per cent. R. B. Ellestad, analyst 


Inspection of the analyses quickly shows the changes. Silica is the 
only oxide gained in the altered rocks as compared with the unal 
tered. All other constituents are lost in varying amounts. The per 
centage of gain or loss of each oxide is shown in Table I. Figure 3 is 
a straight-line diagram which shows at a glance that all constituents 
are lost relative to silica. It is obvious that a simple addition of silica 
could not account for all of the losses of the other oxides; part of the 
loss is actually due to replacement. This is particularly important 
in the case of alumina and potash, the abundant oxides aside from 
silica. Potash commonly shows a decided increase owing to hydro 
thermal alteration, and this is expressed in the mineral content as 
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sericite. In this example the potash shows an actual loss of 33 per 
cent. Replacement of some of the potash and alumina, as well as 
lesser constituents, is suggested by the fact that they show a per- 
centage loss considerably in excess of the gain in silica. Simple filling 
of pore space by silica would not change the other oxides greatly, 
since the porosity of the unaltered shale is only 3.4 per cent. 
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Fic. 3.—Straight-line diagram showing relative gains and losses in silicification of 
iale from the Mogul pit 


SUMMARY 


1. The shale exposed in the Mogul shows remarkable silicification. 

2. Thin sections show much chalcedony and opal, also that much 
dusty, fine-grained kaolinitic material remains. 

3. Analyses show a large gain in silica, as would be expected, but 
also show that considerable amounts of potash and alumina have 
been lost. 

4. Simple gain of silica will not account for the changes in other 
constituents. Some replacement is indicated. 







































ASYMMETRICAL TOPOGRAPHY IN HIGH LATI- 
TUDES RESULTING FROM ALPINE 
GLACIAL EROSION 






RALPH TUCK 
Anchorage, Alaska 
ABSTRACT 

This article describes a very pronounced type of asymmetrical topography occurring 
in south-central Alaska. It is a result of differential glacial erosion due to unequa 
insolation on north-facing and south-facing slopes. 

The portion of Alaska that lies south of the Alaska Range is on 
of intense alpine glaciation. The region abounds not only in features 
resulting from past glaciation but also in countless present glaciers 
which range from a fraction of a square mile to many hundreds of 
square miles in area; and the whole area offers unsurpassed oppor 
tunities for the observation of alpine glacial features in the making, 
as well as those formed in the past. Numerous United States Geolog 
ical Survey reports deal with the geological and topographical 
features of portions of this region, and one by S. R. Capps' sum 
marizes the salient features of glaciation in Alaska. 

No continental ice sheet from a distant region invaded Alaska; 
instead, glaciers formed at almost innumerable scattered localities, 
high in elevation, and, with their continued growth, slowly moved 
down the stream-carved valleys to coalesce in the major valleys with 
similar ice streams. Some of these valley glaciers were over 50 miles 
in width and 4,000 feet in thickness. Within each of the tributary 
valleys, glaciers originated at one or more sites; and at the time of 
maximum glaciation only the higher ridges and peaks protruded 
above the ice surface. 

Splendid examples of such well-known glacial features as U 
shaped valleys, cirques, hanging valleys, and faceted spurs are 
common; but in addition to these another physiographic feature has 
been developed which also may be ascribed to alpine glaciation. 
Many of the smaller east-west streams have a decided asymmetrical 

+S. R. Capps, “Glaciation in Alaska,’’ U.S. Geol. Surv. Prof. Paper 170 A (1931) 
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development of their tributary drainage, the southern tributaries 
being, as a rule, longer and more numerous than the northern ones 
and draining larger areas. Accordingly, the northern wall of the 
valley is usually smooth, regular, and unbroken; whereas the south- 
ern wall is irregular and highly dissected. Likewise the divide be- 
tween the east-west streams is asymmetrical and is much closer to 
the southern stream than to the northern one. This asymmetrical 
development has taken place even though the country rock is es- 
sentially homogeneous, and shows no apparent structural control 
for the lack of symmetry. 

Asymmetrical drainage and topography of this type are common 
on Kenai Peninsula, and to a lesser extent in the Chugach and 
lalkeetna mountains. An excellent example of this development on 
Kenai Peninsula is shown in Figure 1. At this locality the country 
rock is thin-bedded slate and graywacke. The structure strikes 
N. 10° to 15° E. and evidently has influenced the course of some of 
the major drainage lines of the region. The bedding is vertical and 
the cleavage usually closely parallels the bedding, so that structural- 
ly there is no apparent reason for the easier development of the 
southern tributaries. The northern valley walls are in many in- 
stances smooth and undissected, while the southern walls are ir- 
regular and cut by numerous tributaries that head far back into the 
divide and originate in cirques. All of the valleys have been strongly 
eroded by glaciers, but comparatively little postglacial stream 
erosion has taken place. 

In the Talkeetna Mountains (Fig. 2), conditions are similar to 
those in the Kenai Peninsula, except that the country rock is a 
granodiorite in which the presence of north-dipping joints may have 
been partly responsible for the greater development of the southern 
tributaries. 

The area illustrated in Figure 3 is located only a few miles from 
the one shown in Figure 1, so that topographical and geological con- 
ditions are comparable, except that small glaciers still remain at the 
heads of the tributary valleys, mostly on the north and northwest 
sides of the divides. 

Other examples of this asymmetrical drainage and topography are 
numerous, and an examination of a topographical map of the Kenai 
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Fic. 1.—Map ofa part of the Moose Pass district, Kenai Peninsula, Alaska, showing 


development of asymmetrical topography. 
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Peninsula’ is sufficient in itself to convince one that this is a common 
physiographic feature. Its widespread occurrence without adequate 
lithologic or structural causes in the Kenai Peninsula and in many 
localities in the Chugach and Talkeetna mountains suggests a 
regional cause for this phenomenon. 

Examination of the cross sections of a number of the ridges and 
valleys shows a decidedly asymmetrical profile along north-south and 
northwest-southeast lines (Fig. 4). If stream erosion in preglacial 
time had resulted in uniform slopes for the valley walls of the 
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Fic. 2.—Map of Purches and Peters creeks district, Talkeetna Mountains, Alaska, 
showing asymmetrical development of tributaries 


northern and southern tributaries—and from the nature of the rock 
there is nothing to indicate otherwise—the preglacial divides would 
have been symmetrically located. A reconstruction of these profiles 
indicates a preglacial symmetry and shows that some of the divides 
have shifted approximately 4 mile to the south, while in other areas 
a much greater movement of the divides is suggested. That in each 
case there has been a shifting of the divide to the south, rather than 
of the valley axis to the north, is proved by the symmetrical lower 
valley profiles. The remnants of peaks higher than, but to the north 
of, a present divide further indicate the position of the preglacial 


U.S. Geol. Surv. Bull. 587 (1915) 
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divide and its probable symmetry (Figs. 1 and 4). Even assuming 






that the east-west valleys have been lowered 509 feet by glaciation, 
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Fic. 3.—Map of area near Spencer Glacier, Kenai Peninsula, Alaska, showing 
asymmetrical drainage and divides, and preservation of glaciers on northern and north 


western slopes 


the profiles indicate that the old divides were 500-600 feet higher 
than the present ones. As erosion by snow, frost, and ice has been 
the dominant degradational process in this mountainous area since 
the initiation of glaciation, it is evident that these processes are 
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almost entirely responsible for the general lowering of this area of 
from 500 to 600 feet and for the greater erosion on north-facing 
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lic. 4.—Cross sections along lines shown in Figure 1, and illustrating asymmetrical 


topography and probable pre-glacial profiles. Horizontal and vertical scales equal. 


In Alaska during May and June the north-facing slopes are partly 
or entirely covered with the last-winter’s snow, and the south-facing 
slopes are usually bare. Particularly is this true in regions of heavy 
snowfall and strong relief, such as the area south of the Alaska 
Range. Even in July and August the northern slopes are still partly 
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covered with snow, and during many summers much of the previous 
winter’s snow remains. It is evident from the distribution of present 
day glaciers that a delicate climatic equilibrium did exist, with a 
slow yearly increment of snow on north-facing slopes resulting in the 
formation and growth of glaciers, while at the same time the south- 
facing slopes, exposed to the direct rays of the summer sun, lost 
their previous winter’s mantle of snow. However, local climatic 
conditions might eventually be so influenced by the growth of 
glaciers on north-facing slopes, or by an increase in intensity of the 
regional glacier-forming processes, that the direct rays of the sun 
would be insufficient to remove the previous winter’s snow even on 
the south-facing slopes, and the entire region would pass into a 
glacial stage. 

Where the amount of relief over a district is uniform, the last 
remnants of the dissipating glaciers are usually preserved only on 
slopes descending toward the north and northwest, the south-facing 
slopes being already bare of ice (Fig. 3). The longer existence of 
glacial conditions on slopes toward the north is due either to shelter 
from the direct rays of the sun or to the greater accumulation of ice 
on those slopes, or to both. In order to explain a greater accumula- 
tion of ice on these slopes, we are compelled either to accept the 
theory that glaciation started earlier on them or that the preglacial 
drainage was asymmetrical. The homogeneity of the country rock 
in many localities gives no reason for suspecting that the preglacial 
drainage was asymmetrical, and some of the profiles (Fig. 4) in 
dicate that the preglacial divides were symmetrical. It is therefore 
probable that glaciation started earlier and lasted longer on north 
facing slopes as a result of their sheltered position. This sheltering 
is particularly effective in high latitudes where the inclination of the 
sun is low even in summer. 

It is likely that glaciers persisted until comparatively recent time, 
even in those high mountain valleys that now hold no glaciers; and in 
these valleys the amount of postglacial erosion has been small. The 
amount of morainal material now present in these tributary valleys 
is practically indicative of the amount of glacial erosion that has 
taken place since the retreat of the main valley glacier. If detailed 


maps were available, the entire amount of glacial erosion in these 
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tributary valleys could be approximated in some cases by a re- 
construction of their profiles. Field observations indicate that the 
amount of moraine present in tributary valleys is but a small frac- 
tion, usually less than 1 per cent, of the total amount of country 
rock that has been removed by glaciation. It is then evident that by 
far the greater part of glacial erosion in these tributary valleys, and 
likewise the southward retreat of the divide, occurred during the 
period from the beginning of glaciation to the time of retreat of the 
main valley glaciers and probably at the initial stage of glaciation. 

The survival of snow on north-facing slopes during many of the 
summers and the existence of many small glaciers on northern ex- 
posures in areas where the southern ones are usually devoid of snow 
and ice suggest that, in a mountainous area slowly going into a 
glacial stage, erosion by snow, frost, and ice begins earlier and is 
more intense on north-facing slopes, other factors being equal. 
Similarly, in emerging from a glacial stage, ice action is more pro- 
longed on northern than on southern slopes. Herein seems to lie the 
explanation of the asymmetrical tributary drainage of many of the 
east-west streams. In an area of strong and uniform relief where the 
accumulation of snow results in the early development of glaciers on 
northerly slopes, erosion is much more vigorous on these slopes and 
results in the southern tributaries cutting headward and the divides 
moving southward. 

The asymmetrical drainage here described is present only as a 
minor topographical feature, since regionally a range of mountains 
may so affect the climate that the greater amount of precipitation 
falls on the southern side of the range, and a greater development of 
glaciers on that side results. The Chugach and Alaska ranges are 
good illustrations of this. However, in limited areas within either of 
these ranges, where precipitation on one side of a divide is usually 
about the same as on the other, the effectiveness of the sun’s rays 
becomes an important factor in determining the persistence of snow, 


and consequently the development of glaciers. 


SUMMARY 


It may be stated that the following features have been found to be 
commonly true in several mountainous areas in south-central Alaska: 
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1. Asymmetrical east-west drainage systems occur which have no 
apparent genetic relation to the lithology or structure of the rocks in 





which they are developed. 





2. In these asymmetrical basins the valley axis is nearer to the 
northern than to the southern margin of the basin, and the southern 





tributary valleys are larger and longer than the northern. 

3. There is evidence in these basins that the interstream divides 
have been shifted southward since preglacial times. 

It is believed that the exposure to the sun is the controlling factor 
in the development of these asymmetrical basins. At present, 
glaciers are more numerous on the northern slopes and snow accumt 
lates in greater quantity and persists longer on northern slopes. 

Other factors being equal, it appears that the conditions requisit 
to, or favorable for, the development of a lack of symmetry in thi 
drainage pattern in south-central Alaska are as follows: (1) high 
latitude, so that even during summer the sun’s rays strike at lov 
angles, and are consequently less effective on protected northeri 
slopes than on slopes more directly exposed to the sun; (2) prevailing 
southerly winds and consequent drifting and lodgment of snow o1 
the leeward or north-facing slopes; (3) regions of strong relief, reach 
ing altitudes near to the permanent snow line and with wide con 
trast in daily length of exposure to the sun on different slopes; (4 
fairly uniform snowfall over the individual basin under considera 
tion; (5) a general east-west trend of the major streams of the basin 
and of the bordering divides; (6) homogeneous country rock; and (7 
glaciation of Alpine type. 

The writer wishes to express his appreciation for the constructive 
criticism of Philip S. Smith, S. R. Capps, and F. E. Matthes, all of 
the United States Geological Survey. 


















A KENTUCKY SOLUTION CUESTA 
SAMUEL N. DICKEN 
University of Minnesota 


ABSTRACT 


Marginal to the Western Coal Basin in western Kentucky is a sandstone-capped 
esta, unusual in that the capping layer is less resistant, from the standpoint of nor- 
il surface erosion, than the underlying limestones. Only because solution is, locally, 

more important process and only when the opened fissures in the limestone have 
captured the surface streams can the limestone be removed more rapidly than the sand- 

me. Thus the cuesta is formed and maintained (with gradual migration down dip) 
by solution rather than normal surface erosion. 


( 
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INTRODUCTION 
In western Kentucky a cuesta marking the outcrop of the gently 
dipping Chester sandstones may be traced along the eastern and 
southern margin of the Western Coal Basin from the Ohio River be- 


ow Louisville, southward and westward to the vicinity of the 


Cumberland River (Fig. 1). The steep face of this cuesta was given 
the name “Dripping Spring escarpment” by W. R. Jillson' from a 
spring by that name in Warren County. Examined in detail, this 
cuesta presents some unusual features, not hitherto described. The 
common capping layer is the Cypress sandstone, a medium-grained 
quartz stratum known to the early geologists as the “Big Clifty.”’ 
In the Mammoth Cave region, where it forms the capping layer of 
the caves, this bed reaches a thickness of 60-80 feet. Because of its 
comparative insolubility and porosity, the Cypress is highly re- 
sistant to chemical weathering and fairly resistant to mechanical 
erosion, and its cliffs are more durable than the general appearance 
of the rock would indicate. Below the Cypress the soluble Mam- 
moth Cave limestones, the Ste Genevieve and the St. Louis, reach a 
thickness of more than soo feet (Fig. 2). 
DESCRIPTION 

The general appearance of the cuesta may be inferred from the 
profile in Figure 2 and the views in Figures 3 and 4. From the sand- 
stone upland, which slopes more gently than the strata the escarp- 
ment breaks away in a steep sandstone cliff, about 20 feet or more in 

«The American Karst Country,” Pan-Amer. Geol., Vol. XLII (1924), p. 43 
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height. Below this is a steep talus slope including fallen blocks of 
sandstone, followed by gentler sandy slopes on which outcrops of 
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Fic. 1.—Map of Dripping Spring escarpment and vicinity in Kentucky 
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Fic. 2.—Profile section of the Dripping Spring cuesta in Warren County; a, Cypre 
sandstone; b, Ste Genevieve limestone; c, St. Louis limestone 
limestone are rarely seen. It is evident that sand, supplied by the 


slowly disintegrating Cypress, has covered the entire slope from the 
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cliff to the foot of the escarpment 150 feet below the summit. Below 
the escarpment is a gently rolling plain which may be described as a 





Fic. 3.—A view of the Dripping Spring escarpment in southern Edmonson County 
In the foreground is the mature solution plain, the doline karst, on the St. Louis lime 


me 





Fic. 4.—An outlier of the Dripping Spring cuesta, Prewitt’s Knob, in southern Ed 
onson County. In the left foreground is a typical doline 

basin-karst landscape.’ Although the annual precipitation is about 

15 inches, there is no surface drainage, no trace of stream channels 


Ihe Slovene terms are from J. Cviji¢, Hydrographie souterraine et évolution mor 


phologique du Karst (Grenoble: Inst. de Géog \lpine, 1918), Vol. Il 
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Broad, closed, solution basins with gentle concave slopes and irregular 
ground plan are the characteristic forms. The surface material is 
mostly sand from the Cypress, and not residual clay from the lime- 
stones on which the basins rest. Thus the insoluble waste from the 
escarpment must be removed, if at all, through the underground 
channels which drain the basins. That such removal occurs is fully 
attested by the widespread deposits of sand, gravel (some from th« 


Pottsville), and clay in the caves adjacent to the basins. 


ORIGIN OF THE CUESTA 

On the dip slope of the cuesta the first solution forms are begin 
ning to appear. The porous sandstone permits water to reach th 
underlying limestones and seep through the joints. Small depres 
sions appear in the upper reaches of the streams, and soon all th 
surface water enters the underground channels. The grains of sand 
stone, loosened by solution, begin to enter the fissures. The subs« 
quent collapse of the surface material, mostly soil, develops definit: 
solution depressions before the limestones have been exposed. It i 
evident that once the solution channels have captured the surfac 
streams, the insoluble material can be removed from this gentle dip 
slope only through the fissures in the limestone. Thus the cuesta is 
being attacked by solution not only on the steep front, where it 
effectively undermines the capping sandstone, but upon the gentl 
dip slope as well. In the vicinity of Mammoth Cave the collapse oi 
the cave roof has led to the formation of many large “cave-in’ 
dolines,* the rims of which have all the qualities of the steep edge ol 
the cuesta: the sandstone cliff, the talus slope, and the accumulation 
of sand in the bottom of the depression. These ‘‘cave-in’”’ dolin« 
represent “‘inliers’’ of the escarpment just as the rock thus “‘exposed”’ 
represents inliers of the limestone. The ground plan of the escarp 
ment obviously depends on the nature of the dip slope of the cuesta 
into which the cutting is progressing. According to the amount oi 
dissection on the dip slope, three types of surface may be distin 
guished: first the smooth sandstone upland with very little disse« 
tion, such as that in Warren County on which the limestones hav 
not been exposed; second, the dissected region, as in the vicinity of 


Mammoth Cave where both streams and “‘cave-in”’ dolines have 


ee the Mammoth Caye quadrangle of the | Geol. Surv. topographic maps 
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broken through the capping sandstones; and third, where streams 
have cut the edge of the cuesta before underground drainage became 
dominant. The first type is associated with a regular escarpment 
with neither outliers nor inliers; the second, with a meandering 
escarpment and many inliers; the last, with numerous outliers. 
Throughout the length of the cuesta, from the Ohio River in 
Meade County to Princeton in Caldwell County, denudation and 
adequate removal by underground streams, as well as continued 
lowering of the base of denudation, are contributing to the retreat of 
cuesta. Stratigraphic and horizontal changes in lithology or vari 
ation in dip also may change the character of the cuesta. In Edmon 
son County the Cypress sandstone alone is the capping layer. In 
Meade and Breckinridge counties, another clastic member of the 
Chester series, the Sample sandstone, appears, separated from the 
Cypress by the Gasper odlite. ‘The presence of two sandstone mem- 
bers instead of one is accompanied by a more complex form of cuesta 
than that in Edmonson County. The Sample sandstone resting upon 
the Ste Genevieve limestone here assumes the réle of capping layer, 
and develops the more striking cuesta, while the Cypress sandstone 


develops a subdued cuesta farther to the west 


ALTERNATIVE EXPLANATIONS 
Other explanations have been offered for this unusual cuesta. 
J. M. Weller suggests a fault to explain the more regular phases in 
Edmonson County, but produces no stratigraphic evidence of 
faulting. 

.. . The escarpment is possibly due to an east and west fault which may be 
present along the southern scarp. The downthrow of this hypothetical fault 
must have been on the north, and originally, therefore, a fault scarp facing to the 
north was formed bordering a southern higher land surface—practically the re 


erse of the situation which is observed today 


It seems unlikely on several counts that faulting has been effective in 
controlling the character of the escarpment. It is not probable that 
a fault or a series of faults would escape the attention of those who 
have studied the stratigraphy of the region, since there are numerous 


opportunities in the outliers, inliers, and in the escarpment to check 


“Geology of Edmonson County,” Ay. Geol. Surv., Ser. VI, Vol. XXVIII (1927), 
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the elevation of key horizons. In Caldwell County and vicinity there 
are numerous faults associated with the escarpment; but they are 
transverse to it and, although the plan of the escarpment may be 
affected, a genetic relationship is not indicated. There is also evi- 
dence in the beheaded streams, in the cave deposits, and in the gen- 
eral sequence of the karst landscapes to indicate that the escarpment 
has slowly retreated down dip; so that, even if the present position 
of the escarpment coincides with a fault, faulting probably has little 
to do with the nature of the escarpment. The more regular phases of 
the escarpment are associated with the slightly higher dip and with 
the smoother type of dip slope. 

That the cuesta is the result of normal surface erosion can scarcely 
be maintained in the light of two conditions. In the first place many 
parts of the cuesta have no streams, and the existing streams are 
intermittent with the exception of the large through-flowing rivers. 
In the second place the capping sandstone is actually less resistant to 
mechanical erosion than the underlying limestones, which, so far as 
the cuesta is concerned, are obviously the ‘‘weak”’ beds. That the 
limestones are resistant when not subject to intensive solution is well 
illustrated in Muldraugh’s Hill, in Hardin County, on which the St 
Louis limestone is the resistant capping layer. 


CONCLUSION 

The most unusual feature of this cuesta is that limestone is the 
weak layer and not the strong, since so many well-known cuestas ar 
capped with limestone, as, for example, the Niagara cuesta of New 
York and Ontario, the Magnesian cuesta of Wisconsin, the odlite and 
chalk cuestas of southern England and the Paris Basin, the limeston: 
cuestas of southern Germany, such as the Swabian Alps, etc. In 
some cases it is recognized that the resistance is due to high porosity 
rather than mere hardness, but it seems clear that the resistance of 
strata must be considered in terms of the dominant processes in 
volved. Thus, in the case of the Dripping Spring cuesta, the signifi 
cant fact is not merely the absence of surface streams but the pres 
ence of a net of underground channels capable of removing both 
soluble and insoluble material. In short, it is the caves which make 


the cuesta possible. 






















ON THE MECHANICS OF NUEES ARDENTES' 
R. H. FINCH 
U. S. Geological Survey 
ABSTRACT 

The velocities of translation of nuées ardentes are not high enough to account for the 

truction noted. The evolution of gas from hot ejected material producing a vortex- 

ce circulation is offered as an explanation of the known high velocities 

One of the most interesting observations made on nuées ardentes 
at Mont Pelée and La Soufriére in 1902 was that the velocities of 
translation were comparatively low. A small nuée ardente from 
Mont Pelée on June 6, 1902, went 7 miles in 20 minutes, thus travel- 
ing with an average velocity of 21 miles an hour.’ It is likely that 
the velocity of translation of such a cloud is much higher in the 
upper part of its course than in the lower, though probably not high 
enough to do much damage except for the first few seconds after 
leaving the crater. At St. Vincent on May 7, 1902, the “dark cur- 
tain’ cloud did not travel much more than two or three times as fast 
as frantic men could row a boat.’ The velocity of translation of the 
cloud that destroyed St. Pierre on May 8, 1902, was reliably re- 
ported not to have been very high. Observed effects show, however, 
that velocities of tornadic violence are common in such clouds. At 
St. Pierre sand and pebbles were embedded in trees and boiler plate 
was punctured by rock. At Lassen Peak in 1915 trees up to 3 or 4 
feet or more in diameter were snapped off like twigs.‘ Nearly all 
good observations indicate that there are no straight on-rushing 
high-velocity blasts continuous from the crater to the limits of 
destruction. The high velocities of nuées ardentes are internal. 

As in the thunderstorm, the high velocity of a nuée ardente is pro- 
duced in a vortex-like circulation with the axis of rotation horizon- 

‘ Published by permission of the Director of the U.S. Geological Survey 

? Angelo Heilprin, Mont Pelée and the Tragedy of Martinique, p. 102 

} T. Anderson and J. S. Flett, “Report of the Eruption of the Soufriére in St. Vincent 
in 1902,” Phil. Trans. Royal Soc. London, Series A, Vol. CC (1903), p. 394 


‘Arthur L. Day and E. T. Allen, The Volcanic Activity and Hot Springs of Lassen 
Peak. (Carnegie Inst. of Wash.), p. 23 
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tal. In their description of the eruption of the Soufriére Anderson 
and Flett say: ‘“Those who were in the open saw the huge black 
cloud rolling down the mountain in globular surging masses.”’> The 
plural of the word mass is no doubt properly used as the front of thi 
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Fic. 1.—Sketch map of northeast slope of Lassen Peak showing area affected 


shaded) by nuée ardente of May 22, 1915. AB is the locus of profile shown in Figure 2 


cloud may be thought of as being composed of many short rotating 
horizontal cylinders with the axes of no two cylinders exactly 
parallel. There may be spaces between two adjacent cylinders where 
the destruction is less than on either side. In some parts of the area 
affected by the 1915 muée ardente from Lassen Peak (Fig. 1) trees or 


snags may be seen still retaining many limbs while on each side trees 


> Op. cél.. Pp. 396. 
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were snapped off. Though not noticeable in the center of the area 
affected, this is rather conspicuous on each side. Where not ob- 
structed by topography the front of a nuée ardente is distinctly 
curved with the center a little in advance of each side. The tendency 
to fan out, or to expand laterally, is shown in Figure 1. 

The requisite characteristic of all nuées ardentes is the presence of 
considerable volumes of hot gas-charged dust, sand, and pumice. 
lhe violence of the surgings in such a self-explosive cloud diminishes 
is it loses solid matter and as the solid matter still carried cools and 
evolves less gas. Fenner’s explanation of the mode of motion closely 
resembles that given by Flett and Anderson. Fenner states: 

I would, therefore, stress the remarkable character imparted to the dust-and 
ras mixture by a continuous evolution of gas, which must not only have elimi 

ted almost completely the contact friction of the particles, but also have 

nded to drive them apart somewhat forcibly and caused the mass to spread 
most as freely as a true liquid. Naturally gravity would act upon a mixture 
that was undergoing the assumed reactions just as it would upon a liquid, and 
ould direct its course down the Valley.‘ 
With steep slopes as at Lassen and Pelée and comparatively high 
velocities of translation there is less chance for lateral expansion 
than in areas with flatter slopes. Anderson and Flett’ describe the 
cloud from the Soufriére as coursing ‘‘over the ground like a current 
of heavy gas.’ Figure 1 shows an area beyond Hat Creek just north 
of Hat Lake where one might expect the destruction to have con- 
tinued farther judging from the general slope of the mountain alone. 
Here is the lowest place in the ridge, extending southeast from Raker 
Peak, that was crossed by the nuée ardente. Farther south than Hat 
Lake, as at the extreme end of the area affected, the zone of destruc- 
tion terminated a short distance up a steep slope. To the north of 
Hat Lake, however, Hat Creek has cut a narrow gorge through an 
old mud flow nearly at right angles to the path taken by the cloud. 
\t this place, though seemingly free to go farther, the destruction 
stopped a short distance beyond Hat Creek. Apparently the blast 
stopped because a large part of the gas-charged material was 
dumped into the gorge and could not rise up the opposite slope. If 
the volume of gas-charged material is not especially large, it would 
C. N. Fenner, The Origin and Mode of Emplacement of the Great Tuff Deposit of the 
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Valley of Ten Thousand Smokes, *‘Natl. Geog. Soc. Katmai Series,”’ No. 1 1923), Pp. 72 
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7 Op. cit., p. 452 
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seem that a gorge at right angles to the path taken by the cloud is 
almost as effective in stopping a nuée ardente as a hill. If the ma- 
terial did not follow the ground closely a gorge would have but little 
effect. As shown in Figure 1 the place of maximum distance of 
destruction is in line with the channel of upper Lost Creek, or a little 
to the north of where one might expect it if the area were symmetri 
cal. The channel carved in the flank of the mountain by Lost Creek 
may have caused a gravitational concentration of gas-charged 
material in that part of the sector. 
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Fic. 2.—Profile of Lassen Peak in the area affected by the nuée ardente of May 22, 


1915, showing where trees were protected by small rises in the ground. Arrows on the 


profile line indicate the probable direction of rotation within the nuée ardente 


Figure 2 is a profile of the northeast slope of Lassen Peak where 
two slight rises in a radial ridge protected trees from destruction 
(Figs. 3 and 4). As shown in Figure 1 the locus of the profile is not a 
straight line but distinctly curved, as is to be expected when one 
considers lateral expansion of the evolved gas. Figure 2 indicates 
also that there was no straight on-rushing blast continuous from 
the place of issue of the nuée ardente to the foot of Raker Peak, as a 
straight line between the two places passes about 200 feet above the 
hill that afforded the protection. Cole and Brooks,* however, as 
sumed such a straight continuous blast in their argument that a 


*G. N. Cole (with a discussion by C. F. Brooks), ““Compressional Heat in Volcanic 
Blasts,” Monthly Weather Review (Oct., 1918), Pp. 453 
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large part of the heat of a nuée ardente might be developed by an 
adiabatic process. If there is no continuous blast then the adiabatic 
process would be largely lacking. Jaggar’ pointed out that in any 
case compressional heat would be small compared with that due to 


the incandescent material expelled from the volcano. 
Judging from what might be called an incipient nuée ardente 
observed by the writer at an explosion at Kilauea in 1924, and from 





Fic. 3.—View toward Lassen Peak from foot of Raker Peak, showing trees protected 
y hillin middle ground. 


the fact that the material evolving the gas in a self-explosive manner 
is always close to the ground, it would seem that the direction of 
rotation in the incomplete vortex-like circulation is that indicated 
in Figure 2. 

The initiation of a nuée ardente seems to offer no difficulties of 
explanation. At Mont Pelée, with the possible exception of one 
reported by La Croix, the nuées ardentes were but “horizontal”? com- 
ponents of the explosions. Thus Heilprin’® states that at the time 
of the destruction of St. Pierre a great brown cloud rose vertically 
ind that it was followed almost immediately by a cloud of vapory 
blackness separating from it and taking a course downward to the 


»T. A. Jaggar, Volcano Letter 63 (March 11, 1926 10 Op. cit., p. 130 
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sea. The vertical component of the explosion at the time of the 
occurrence of the nuée ardente at Lassen in 1915 reached a height of 
more than 5 miles. While the writer believes that an inclined ori 
fice or a “‘lid’’ such as postulated by La Croix" at Pelée, and Day 
and Allen® at Lassen, might be effective in directing an explosion 


in a “horizontal’’ direction, he believes such lids are the exception 





Fic. 4.—Looking toward the east side of Raker Peak from the hill shown in Figure 


Note trees standing in line with the one in foreground while trees are down on eithe1 
side 

and not the rule. If the actual orifice of explosion is deep within a 
crater there will be but little tendency for the development of a 
lateral component of motion due to the facts that a considerabl 
volume of gas has already escaped, that the least pressure resistance 
is vertical, and that the material has a high upward velocity as it 
passes the rim. If, however, the orifice of escape is at the crater rim 
and if there is a low place in that rim, then the tendency for a “hori 
zontal’ component of the explosion to develop is strong, assuming, 


of course, the presence of an abundance of hot, gas-charged material. 


tA. La Croix, La Montagne Pelée apres ses éruplions (1908), p. 78. 
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A CALL FOR INFORMATION CONCERNING 
ETCHED ERRATIC BOULDERS 





Above are represented two differentially etched erratics from the 
drift formations of Ann Arbor, Michigan; such as were discussed in 
a paper read before the Cambridge meeting of the American Associa- 
tion for the Advancement of Science in 1933. Such boulders have 
been found in considerable numbers within the outwash plain out- 
side the moraine, though associated with many times their number 
of erratics having similar composition and still with glacial markings, 
\ but without any evidence whatever of etchings. So far as is known, 
the etched boulders have never been referred to in the literature of 
Pleistocene glaciation. From information, which is as yet for the 
most part casual, they are believed to be present within a good many 
other parts of the glaciated areas. 
| The origin of these etched boulders is tentatively presumed to be 
the same as that of similar boulders which are found in like associa- 
tion, together with unetched erratics upon the outwash plains about 
the Greenland continental glacier. In this occurrence they have 
been transported by small icebergs in the braided streams of the 
outwash plain and, unlike their associated unetched boulders which 
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have been buried in outwash deposits, they have been left exposed to 
the powerful sand-blast action due to the off-ice, down-slope winds 
of the glacial anticyclone, particularly during the dry winter season 
(George S. Kay, “Origin of the Pebble Band on Iowan Till,” Jour. 
Geol., Vol. XXIX [1931], pp. 377-80; W. H. Hobbs, ‘“‘Loess, Pebbl: 
Bands, and Boulders from Glacial Outwash of the Greenland Conti 
nental Glacier,” ibid., pp. 381-85; W. H. Hobbs, ‘‘The Origin of the 
Loess Associated with Continental Glaciation Based upon Studies in 
Greenland,’ Comptes rendus du Congrés Intern. de Géographie, 
Vol. II [Paris, 1931], pp. 1-4). 

Because these etched erratics are, where found, of somewhat un 
usual occurrence, they are apt to be removed from their original 
position and quite often are set up as curiosities in houseyards, as in 
the two examples figured here. The depth of the etching would 
indicate that action was begun as far back as the IIlinoian glaciation, 
and this is clearly indicated for the known Greenland occurrence. 
Information is especially desired concerning other similar erratic 
blocks with their present and earlier positions, either in the United 
States or Europe, for which acknowledgment will be gratefully 
made. 


WILLIAM HERBERT HoBss 
ANN ARBOR, MICHIGAN 
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Geologic Structures. By BAILEY WILLIS and RoBIN WILLIs. 3d ed. 
rev. New York and London: McGraw-Hill Book Co., 1934. 
Pp. xviii+ 544; figs. 202; pls. in Appendix 12. $4.00. 

The second edition of this excellent textbook of structural geology is 
so well known to geologists that it will suffice in this review to take stock 
of the principal changes which appear in the new revised edition. In the 
first half of the book the improvements have been achieved fully as much 
by arrangement of material in a different sequence as by revision of sub- 
ject matter. The new volume starts with the problem of rock deformation 
and mechanical principles. Following this is a chapter on stratified rocks. 
rhen the subject of folding is taken up and carried through to completion, 
whereas in the earlier edition flexures and folds were described in chapter ii 
while the analysis of folding was deferred until chapter xi. Similarly 
jointing and faulting receive a continuous treatment of 123 pages instead 
of appearing in two parts widely separated. In the opinion of the re- 
viewer this continuity of treatment is a great improvement. 

The revision of subject matter involves simplification and shortening 
in some places, amplification for greater clarity in other places, together 
with the addition of new matter on such subjects as supratenuous folds, 
development of domes, strut thrusts, etc. Some other topics have been 
removed from the text proper and relegated to the appendixes. 

The discussion of fault troughs has been entirely re-written and con- 
siderably shortened. Rift and ramp quarrel less vigorously than before. 
lhe senior author, 
having studied both the eastern and western arcs of the African Rift Valleys, 
agrees with Gregory that the Great Eastern Rift, the Gregory Rift, is an effect 
of volcanic uptrusion with distension of the surface, followed by complex fault- 
ing. The Albert Rift Valley of the Western Arc, together with the dominating 
upwarp of Mt. Ruwenzori, he finds to be due to direct compression, as inter- 
preted by Wayland. 

The authors group together under the expressive term “strut thrusts’’ 
those thrust faults which are due to varying resistance and differential 
transmission of stress. In these “‘the competent strut transmits the stress 
to some distant point of weakness, perhaps a monoclinal fold.’’ The 
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erosion thrust and the break thrust are recognized examples. The opinion 
is expressed that the strut thrust is the commonest type of low-angle fault 

The chapter on the structures of igneous rocks has been more than 
doubled in length, allowing a more adequate treatment which will be wel 
comed by many geologists. The recent development of granite tectonics 
has considerably enlarged the scope of structural geology and the em 
placement of large igneous intrusions raises difficult questions. 

It is stated that igneous masses present ‘joints and faults similar t 
those which occur in sedimentary rocks, but not folds since igneous mass« 
do not as a rule exhibit bedding (except in the case of lava flows) and ar 
therefore rigid rather than flexible.” Massive granite, not possessing 
surfaces of reference, might not be expected to display visible folds. But ir 
many places in the Rocky Mountains, for example, the basal surface ot 
the Cambrian is sharply curved in folds and the upper surface of the pre 
Cambrian granite upon which the basal Cambrian was unconformably 
deposited exhibits a practically identical curvature. The surface of th 
granite has been folded to conform to the folding of the basal Cambrian 
bed. One wonders whether the quartz and feldspar crystals along an 
imaginary plane in the granite 10 feet below the Cambrian contact before 
the Laramie deformation would not be found today (if they could be 
recognized) constituting a folded surface closely concentric with the 
curvature of the Cambrian bed some to feet above. Perhaps minute 
jointing and sheering play an important part in such deformative adjust 
ment of the granite, but they also participate in the folding of sedimentary 
beds. 

Another type of intrusion which many will wish had been considered 
somewhere in this volume is the salt plug. To not inconsiderable geologic 
interest is added the very great economic importance of these striking 
structures. 

The two chapters “Field Methods” and “Graphic Methods and Prac 
tical Problems” of the second edition have given rise to four chapters in 
the third edition: xii, ‘‘Physiographic Expression of Structure’’; xiii, 
“Field Methods”; xiv, “Graphic Methods’; and xv, “Practical Prob 
lems.”’ In the first three one notes considerable shifting of the order of 
topics, a few added illustrations, and a new page on columnar sections 
and well logs. Chapter xv is nearly all new material—a clear presentation 
of many concrete examples of surface data obtained from field work and 
the structural interpretations to be made from them. These typical cases 
have been carefully selected and the solution of the problems involved 


should constitute very valuable training for students. They cover topog 
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raphy and outcrop pattern, unconformity and overlap, outcrop patterns 


of folds, problems in convergence, folding and regional dip, faults in cross 
section, outcrop patterns of faults, and general problems. 

‘Fundamental Facts and Concepts” is the final chapter which replaces 
five shorter chapters of the previous edition on earth genesis, constitution 
of the earth, forces of the earth, zones of pressure strength and tempera- 
ture, and the dynamic spheres of the globe. Extensive pruning and elimi- 
nation are the most notable changes, though some new material on the 

ge of the earth and the properties of rocks at great depths has been 
added. A brief exposition and discussion of isostasy takes the place of the 
mer chapter on dynamic spheres of the globe. 

lo the many praiseworthy features of this standard textbook which 
have already been commended in reviews of the two earlier editions in 

he Journal of Geology (1924 and 1930) may now be added the belief of the 
reviewer that the new revision is a distinctly more teachable book than 


Ss predec essors. 


The Changing World of the Ice Age. By ReGtInaLp A. DALy. New 
Haven: Yale University Press, 1934. Pp. 271; figs. 149; tables 20. 
S<.00 
“This book embodies the result of a three fold effort: to picture the 

effects of Pleistocene glaciation and deglaciation on sea-level, all over the 
world; to illustrate some of the no less extraordinary changes in the 
geography of the regions that were heavily glaciated during the Ice Age; 
and to discuss the behavior of the solid earth when it was loaded with ice- 
caps and then relieved of those loads by melting and evaporation.”’ The 
effort has proved eminently successful. 

The first chapter presents a masterful summary of Pleistocene and 
present ice caps, with special emphasis on the contemporaneity of the 
former and the consequent thinning and thickening of the oceans as they 
grew and shrank. In chapter ii a detailed discussion is set forth of the 
present know ledge of the isobases of Fennoscandia. Evidence is presented 
for two types of recoil, elastic and plastic, the latter being long delayed in 
its effect. Chapter iii presents a summary of knowledge of the isobases of 
the Atlantic coast and the interior of North America. Delay in the earth’s 
response to unloading is cited here likewise and used as evidence for 
plastic recoil. Super-elevation of a tract bordering the full-bodied ice caps 


is thought to have produced a peripheral ridge seaward of the present 
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coast, which lasted through the waning stages of the ice caps. This sug- 
gestion of a superelevated tract has much to commend it. Chapter iy 
contains a discussion of earth dynamics, in the light of current facts and 
theories, with particular reference to the deductions gleaned painstakingly 
from the evidence of glacial and interglacial strand-lines. Two hypotheses 
are considered for the plastic recoil: the bulge hypothesis, with horizontal 
flow at slight depth; and the punching hypothesis, with horizontal flow at 
great depth. The latter, new, hypothesis is preferred as fitting the facts 
of definite hinge-lines and disappearance of the super-elevated marginal 
belt. The summary at the end of this chapter will deeply interest every 
student of geology and geophysics. Chapter v deals with the complex 
subject of world-wide sea level on an elastic earth which is also plastic at 
depth to long-time loadings, where lands rise isostatically because of 
erosion, and diastrophism changes strand-lines. In discussing the world 
wide eustatic lowering of sea level in recent time, the author presents a 
hypothesis of “belated plastic adjustment of the earth’s body to the 
weight of water piled on the sub-oceanic crust when the last great ice 
caps melted.’’ The idea has much to recommend it. The higher sea levels 
of Pleistocene time are fairly well treated. The suggestion of correlating 
the 30-meter terrace of the Mediterranean region with similar ones in 
North America and many deep-sea islands of the Pacific, and assigning 
all to a definite warm stage, the Yarmouth, seems to be a good one. 
Chapter vi deals with the low sea levels of the glacial phases of the Pleis 
tocene, and Chapter vii summarizes the author’s well-known, but some 
times misinterpreted, views on glacial control and coral reefs. The atolls 
and barrier reefs are built on pre-glacial wave-cut benches. Lowered sea 
level of glacial time killed the corals and flattened the surface of the 
benches. Rising sea level caused reefs to grow upward to form existing 
structures. The presentation is very convincing. 

The book summarizes a lifetime of work and thought by a distinguished 
scientist on the problem of sea level during Pleistocene time. As such a 
summary, it is of major significance. But furthermore, the implications 
that arise as to earth dynamics and stability during loading and unload 
ing of the land, thickening and thinning of the ocean, are of vast and far 
reaching importance. The simplicity and clarity of presentation are 
superb. The use of tables, where controversial estimates are involved, is 
most successful. A full index enhances the book’s value as a reference 
work. The author reports errors in the figures for the widths of reefs, as 
given on page 225, and wishes to delete “B.C.” from the map on page 55. 
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Paleolithic Man and the Nile Valley in Upper and Middle Egypt. 
Vol. Ill of Prehistoric Survey of Egypt and Western Asia. By 
K. S. SANDFORD. “Oriental Institute Publications,’ Vol. XVIII, 


Chicago: University of Chicago Press, 1934. Pp. 131; figs. 25; 


pls. 39; maps 1. $7.00. 

[his volume, which describes the Pliocene and Pleistocene deposits 
and cultures of Middle and Upper Egypt in an area stretching 400 miles 
north of Luxor, has for its purpose the establishment of the age and order 
of the works of man which are recorded in the region. It is one of a series 
of publications dealing with several areas of Egypt and Western Asia. 
wo earlier publications have treated the areas of Faiyum and the upper 
Nile Valley from Semnah to Luxor. The present volume serves to link 

rether the accounts of other areas which have been published or are 

w being prepared for publication. 

lhe chapters dealing with geology contain many selected sections of the 
Pliocene and Pleistocene formations. These have been described and 
figured in considerable detail in the text. A threefold division of the 
Pliocene is proposed to supplant the usual twofold one. Further light is 
thrown upon the problem of the Plio-Pleistocene beds, but the author 
makes no attempt to place them either in the Pliocene or the Pleistocene, 
feeling that they are best considered as transitional until additional 
evidence is uncovered. New facts bearing on the origin of the Nile 
Valley are presented, indicating that this valley is an erosion product 
rather than a rift formation. Dr. Sandford believes there is no evidence to 
support the rift valley theory of origin. The paleogeography of the Nile 
Valley is outlined in some detail, and its relation to the early works of man 

stressed. 

lhe chapters which deal chiefly with archaeology include a discussion 
of the paleolithic instruments and their occurrences in the various terraces 
and gravels. In this discussion, the relations between the terraces and 
gravels of this area and those of the general Mediterranean Basin are 
worked out on the basis of their topographic characters and the contained 
instruments. A gap between the Paleolithic and Neolithic remains occurs 
n this region. The evolution of the present desert conditions from the 
more favorable climates of the past is traced in some detail and the de 
velopment and movements of the cultures are correlated with the changes 
he final chapter is devoted to a brief description of the human industries, 


their types and stratigraphic development. 
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This volume should be of great interest and use to students of geology 
and archaeology, for it offers much new information and throws con- 
siderable light on various controversial subjects. 

E. C. OLSON 


A Laboratory Manual of Physical and Historical Geology. By Kiri 
LEY F. MATHER and CHALMER J. Roy. “The Century Earth Sci 
ence Series.’’ New York: D. Appleton-Century Company, 1934 
Pp. xili+ 302; figs. 46; pls. 20. $2.50. 

This manual is specifically intended for use in a one-year introductot 
course in geology accompanying Snider’s text, Earth History; but as th 
Preface states, this does not necessarily prevent its use with other texts. 
A brief outline of the lectures and lists of references which would normal 
be used in such a course are given. 

The manual contains exercises in the identification of minerals and 
rocks, and discussions and studies of geologic processes with the use oi 
topographic maps. These sections do not differ from those commonly 
found in manuals for introductory courses in geology. The outstanding 
feature is the manner of treatment of historical geology, that is, fron 
the regional point of view. For some regions the exercises are based o1 
certain small type-areas, and for other regions small-scale maps of the 
entire region are given. Particular emphasis is placed on the interpreta 
tion of geologic history from maps and cross sections. 

The manual is complete with blank forms which may be removed and 
are perforated for filing in a notebook. 

EDWARD L. TULLIS 


Studi Paleontologici e Litologici sulla Cirenaici e sulla Tripolitania 
Oriental. ‘‘Mission Scientifica della Reale Accademia d'Italia a 
Cufra (1931-IX),” Vol. III, Roma: Reale Accademia d’Italia, 
1934. Pp. 455; figs. 36; pls. 31. 

A scientific expedition, with headquarters in the Lybian Desert, was 
undertaken in 1931 by the Royal Academy of Science of Italy under the 
direction of Ardito Desio. The results of the paleontologic and lithologi« 
studies have been organized into a comprehensive report and published 
as the third volume of a series describing the work of this expedition. 
Additional material, collected in 1930 and 1932 but undescribed, has been 
added to this report. 
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The paleontologic studies are chiefly concerned with the invertebrate 
faunas. Since different men have written the various sections, which deal 
with individual faunas or a part of a single fauna, there is some lack of 
uniformity in presentation. The geologic sequences of the faunas are dis- 
cussed in a few cases. Detailed descriptions of specific forms comprise the 
major part of the discussion of the invertebrates. 

[he vertebrate remains in the region are uncommon and poorly pre- 
served. Descriptions, occurrences, and ages of the various specimens 
collected by the expedition are given in some detail. The paleobotany of 
Lybia is discussed briefly, with particular emphasis on the genus Nema- 
lophyton. 

In the sections dealing with lithology, much space is devoted to igneous 
rocks. Chemical analyses of many rocks, including granites, syenites, 
gabbros, and various dike rocks among the intrusives, and various types 
of basalts among the extrusives, are presented. In a résumé, the analyses 
of the rocks are recalculated by the systems of Niggli and Osann. The 
results are plotted on triangular diagrams and on horizontal diagrams 
comparing the percentages of the molecular components. 

\ short account of the studies on the sands of Lybia, collected at 
twenty-nine stations, concludes the text of the report. Tabulations of the 
specific gravity, the percentage by weight in standard grade sizes, and the 
constituents of each of the samples summarizes the work on these sands. 

\ bibliography has been inserted at the end of each section of the dis- 
cussion. Thirty-one plates containing illustrations of the fossils and figures 
of thin sections of certain igneous rocks are included at the end of the 
volume. 

E. C. OLSon 


“The Geology and Mammalian Fauna of the Pleistocene of Nebras- 
ka.” By A. L. LuGn and C. BERTRAND SCHULTZ, in Nebraska State 
Museum Bull. 41, Vol. 1. October, 1934. 

[his paper on the geology and mammalian fauna of the Pleistocene of 
Nebraska is divided into two parts. The first, by A. L. Lugn, contains a 
brief but lucid account of the Pleistocene topography, stratigraphy, and 
classification, and provides a basis for the consideration of the mammalian 
vertebrate fauna presented by C. Bertrand Schultz in the second part. 

The faunal assemblage of the Pleistocene is outlined by means of two 
tables. The first of these, in graphic form, shows the known and probable 
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ranges of the species. The second is a detailed tabulation of families, 


genera, and species, indicating the part of the animal known, its present 
location, where and when collected, and the formation in which it occurred. 


E. C. OLson 


Arizona Lode Gold Mines and Gold Mining. By E. D. Witson, 
J. B. CunnincHam, and G. M. Butter. “Arizona Bureau of 
Mines, Mineral Technology Series,” No. 37, Bull. 137. Tucson: 
University of Arizona, 1934. Pp. 261; figs. 27; pls. 6. 

The tremendous increased interest in prospecting and mining of gold 
in Arizona has created a demand for information concerning the gold 
resources of that state. This bulletin supplies that information in simple, 
condensed form. Although written primarily for laymen, portions of the 
bulletin will be of interest to economic geologists and teachers of geology 
and mining. Geology, geography, mineral statistics and mining history 
of the various counties and districts, and short descriptions, many of them 
abstracts of earlier literature, of over 170 individual properties constitute 
the bulk of the report. Short sections on operation of small gold mines, 
mining laws, regulations relating to location and retention of lode claims, 


and hints on prospecting are also included. 
GORDON RITTENHOUSE 








